AD-A235  633 


INTATION  PAGE 


Form  40prov»tf 
0M9  No.  0704-019$ 


«atM  to  ««««  i  "our  otf  fvioonw.  inciuainq  uto  tim*  tor  rnmaiwq  uwucoont.  tmomm  nmm  oou  tounn 
i  rtaiowiwo  tr*  toiioction  of  mtotmanon  Stna  commomi  mowrn  tmt  Dunwn  Minn  or  an*  orrm  aiooca  ot  tmt 
1  euroan.  to  ovavutwton  naaoouartan  SarvKot.  Oiractoran  tor  information  Ooaratwm  ana  riaam  lit)  lartanon 
aOtticaot  Manaoamant  ana  luoaat.  raoarwora  naouction  ntotatt  10  ?0a-0 1  III,  wavnmpon  OC  20MJ 


1.  AGENCY  USE  ONLY  ((.««««  oUrut)  2.  REPORT  DATE 

April  1991 


A  TITLE  ANO  SUITTTLS 


3.  REPORT  TYPE  ANO  OATES  COVERED 

Final  Report  1988*1991 


S.  FUNDING  NUMOERS 


PREPARATION  AND  CHARACTERIZATION  OF  CARBON  FILAMENTS 


6.  AUTHOIKS) 


Dinesh  Patel  and  Carol  McConica* 


F49620-88-C-001 7 


7.  PERFORMING  ORGANIZATION  NAME(S)  ANO  AOORESS(ES) 

Colorado  State  University 

Physics  Department,*  Ag.  &  Chem.  Engineering 

Fort  Collins,  CO  80523 


E.  PERFORMING  ORGANIZATION 
REPORT  NUMBER 


mP.-T9,  c  1 


9.  SPONSORING  /MONITORING  AGENCY  NAME(S)  ANO  AOORE5S(E5) 

Dr.  Liselotte  J.  Schioler 
Air  Force  Office  of  Scientific  Research 
Boiling  Air  Force  Base 
Washington,  D.C.  20332-644^ 


10.  SPONSORING/ MONITORING 
AGENCY  REPORT  NUMBER 


11.  SUPPLEMENTARY  NOTES 


12E.  DISTRIBUTION  /AVAILABILITY  STATEMENT 


Unlimited 


13.  ABSTRACT  (Maximum  200  warau 


DTIC 


MAY  02  1991 


12b.  DISTRIBUTION  CODE 


The  final  report  for  our  contract  "Preparation  and  Characterization  of  Carbon  Filaments"  is 
presented.  We  have  performed  important  and  extensive  research  on  Catalytic  Chemical  Vapor 
deposited  fibers  with  comparative  work  on  ex-polymer  fibers.  A  new  diagnostic  technique  has  been 
developed  involving  low  frequency  electrical  noise  in  carbon  fibers.  The  exciting  results  from  this 
technique  infer  microstructural  properties  as  inter-ribbon  and  inter-layers  are  probed.  Mechanical 
properties  including  Young's  modulus,  torsional  modulus  and  compressive  pioperties  have  been 
measured  also  on  CCVD  filaments.  We  have  proved  that  Young's  modulus  of  CCVD  fibers  generally 
decrease  with  diameter.  However,  increases  in  the  Young's  modulus  for  a  small  range  of  diameters 
may  be  present  due  to  separating  entities  during  the  growth  of  CCVD  fibers.  Higher  torsional  moduli 
were  also  measured  for  these  annular  structures.  Typical  values  were  as  high  as  one  quarter  theoretical 
maximum  for  a  perfectly  ordered  system.  Temperature  dependent  piezoresistance  was  observed  for 
the  first  time  in  high  moduli  fibers.  The  dependence  was  dramatic  in  annealed  CCVD  carbon  fiber. 
These  dependencies  are  due  to  electronic  mechanisms.  Effort  has  also  been  made  to  perform  in  situ 
Raman  spectroscopic  study  during  CCVD  process. 


14.  SUBJECT  TERMS 

Carbon  Fibers,  CCVDICatalytic  Chemical  Vapor  Deposition),  Electrical 
Noise,  Mechanical  Properties,  Young's  Modulus 


17.  SECURITY  CLASSIFICATION 

OF  REFORT 

Unclassified 


NSN  7540-01-280-5500 


IB.  SECURITY  CLASSIFICATION 
OF  THIS  PAGE 

Unclassified 


19.  SECURITY  CLASSIFICATION 
OF  ABSTRACT 


IS.  NUMBER  OF  FACES 
225  Pages 


IE.  PRICE  COOB 


20.  LIMITATION  OF  ABSTRACT 


Unclassified 


07 


.  Unlimited 


Stinoara  Form  29B  <R*v.  2-89) 

icnOX  Ov  AH1*  It*- 


« 


*» 

INTRODUCTION 

Carbon  fibers  possesses  excellent  strength-to-mass  parameter  which  makes  it  a  highly  desirable  candidate 
for  technological  applications  such  as  airborne  vehicles  by  the  Air  Force.  As  an  example  of  an  advanced  material, 
Carbon  fiber-Carbon  matrix  Composites  referred  to  as  C-C  Composites  are  being  developed.  A  major  area  of 
research  is  why  the  excellent  mechanical  properties  of  carbon  fibers  have  not  been  translated  in  to  composites? 
Carbon  fiber  can  be  prepared  with  a  large  range  of  Young’s  moduli  (E^)  dependent  on  the  orientation  of  the 
hexagonal  ribbons  with  respect  to  the  fiber  axis  and  can  approach  the  theoretical  limit  of  perfect  graphite  (Ej,~  1000 
GPa).  Generally,  the  strength  of  the  fiber  decreases  with  increasing  Ey.  Most  carbon  fibers  are  heterogeneous 
materials,  therefore,  stress  leading  to  fracture  develop  at  flaws  reduces  the  strength  below  the  theoretical  limit. 
Carefully  controlling  the  microstructure  during  fiber  processing  will  lead  to  improved  mechanical  properties 
corresponding  to  calculated  values. 

Whereas  commercial  ex-PAN  fibers  (accounting  for  over  90%  of  the  current  market)  and  ex-pitch  fibers 
are  prepared  from  polymer  precursors  and  are  continuous;  a  relatively  new  type  is  prepared  from  vapor  phase 
(Catalytic  Chemical  Vapor  Deposited)  CCVD  fibers.  These  fibers  are  more  graphitic  than  ex-polymer  ones,  so  are 
more  readily  intercalated.  They  also  have  different  microstructure  compared  to  those  of  other  commercial  fibers. 
CCVD  fibers  reveal  a  tree-ring  like  morphology.  The  concentric  layers  are  parallel  to  the  fiber  axis  and  therefore, 
the  tree-ring  appearance.  The  vapor  grown  fibers  have  good  thermal  and  electrical  conductivity,  and  tensile  strength 
and  moduli.  A  disadvantage  is  their  inability  to  be  produced  continuously,  however  thickening  ex-PAN  fibers  by 
this  CCVD  process  may  a  solution.  He  vapor-phase  deposition  technique  offers  a  way  to  carefully  control  the 
microstructure  of  the  fibers  and  to  harness  the  high-strength-to  mass  ratio  for  application.  To  some  degree,  CCVD 
may  play  a  major  role  in  carbon  technology  similar  to  it’s  partner  in  the  semiconductor  industry  especially  where 
applications  are  dictated  by  specific  fiber  and  matrix  microstructure. 

Research  was  undertaken  to  provide  a  detailed  characterization  of  CCVD  carbon  fibers  and  compare  them 
with  polymer  based  fibers.  Understanding  the  gas-phase  reactions  during  the  CCVD  process  was  also  included  in 
our  study.  The  order  of  this  report  will  begin  by  defining  a  list  of  objectives  followed  by  a  summary  of  the  most 
important  accomplishments.  We  also  list  pertinent  publications  which  have  been  published  and  the  work  performed 
under  the  present  contract  that  will  be  published.  Participants  in  this  project  have  been  acknowledged  including 
students  and  professionals.  A  special  dedication  is  made  *o  Professor  Ian  L.  Spain  who  died  in  September,  1990. 
Ian  was  the  Principal  Investigator  on  the  present  contract. 

Thv  detailed  technical  portion  of  the  report  includes  six  sections  which  are  all  inter-related.  We  have 
established  a  new  technique  in  performing  low  frequency-electrical  noise  in  carbon  fibers.  New  temperature 
dependent  piezoresistance  on  carbon  fibers  have  also  been  determined  for  the  first  time.  A  set  of  mechanical  tests 
have  been  established  in  our  facility.  Electrical  and  magnetic  field  studies  have  also  been  carried  out  and  presented 
in  this  report.  The  fibers  were  prepared  at  Colorado  State  University  by  vapor  deposition  on  metal-catalyzed 
substrates  and  thickened  ex -PAN  fibers.  An  account  of  the  growth  technique  and  in  situ  Raman  spectroscopic  study 
is  also  given.  Appendix  includes  reprints  of  publications. 
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7.  Appendix 


A.  LIST  OF  OBJECTIVES 


Research  was  undertaken  here  at  Colorado  State  University  in  the  preparation  and  characterization  of 
carbon  fibers  with  emphasis  on  Catalytic  Chemical  Vapor  Deposited  carbon  libers.  Our  efforts  were  aimed  at 
achieving  superior  fibers  with  high-strength-to-weight  properties  important  in  highly  technological  material  like  the 
Carbon-Carbon  composites  and  electronic  applications.  The  thrust  of  our  work  involved  high  degree  of  electrical, 
mechanical,  structural  characterization  and  effort  to  improve  the  CCVD  technique  by  understanding  the  underlying 
mechanisms  of  growth.  The  following  are  specific  objectives. 

Objective  1 

CCVD  of  carbon  fibers  were  obtained  by  both  in-house  and  on  special  consignment  from  Applied 
Sciences,  Inc.  These  relatively  new  filaments  were  the  subject  of  detailed  research  involving  quantification  of  their 
mechanical  and  electrical  properties.  Where  appropriate  comparisons  have  been  made  with  ex-polymer  and  bulk 
carbons. 

I  Low  frequency  electrical  noise  in  carbon  fibers. 

II  Mechanical  characteriznu  ■  including  determination  of  the  diameter  dependent  Young’s  modulus  (  from 
tensile  and  compressive  effect  via  loop  tests),  and  torsional  modulus.  Electro-mechanical  characterization 
from  new  piezoresistauce  measurements. 

III  Electrical  and  high  magnetic  field  properties  of  CCVD  and  thickened  ex-PAN  carbon  fibers. 

IV  Structural  understanding  of  these  relatively  new  fibers  in  comparison  to  PAN  and  pitch. 


Objective  2 

In-house  capabilities  were  initiated  with  the  aim  of  producing  specialized  fibers  with  specific  features  such 
as  size,  microstructure,  and  additives  during  vapor  deposition  process. 

I  Reactor  design  optimized  to  produce  straight  thin  CCVD  fibers  for  the  previous  contract  were  modified 
to  produce  samples  of  CCVD  fibers  for  the  present  efforts. 

II  Substrate  and  catalyst  standardization  for  the  production  of  CCVD  fibers  with  optimum  morphology. 

III  A  thickening  reactor  for  the  process  of  thickening  ex-PAN  fibers  to  simulate  composite. 

IV  Gas-phase  reactions  using  Raman  spectroscopic  techniques. 
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B.  SUMMARY  OF  THE  MOST  IMPORTANT  ACCOMPLISHMENTS 


1.  Low  frequency  Electrical  Noise  in  Carbon  Fibers 

For  the  first  time  our  group  has  established  that  low  frequency  electrical  noise,  referred  to  as  1/f  noise, 
measured  in  carbon  fibers  reflects  their  microstructure  quantitatively.  One  of  our  paper  published  in  J.  Applied 
Physics  (see  appendix)  reported  the  first  exciting  result  of  the  variation  in  the  magnitude  of  the  noise  power  for 
carbon  fibers  with  different  microstructure.  Electrical  noise  is  a  manifestation  of  conductivity  fluctuation. 
Therefore,  noise  magnitudes  in  fibers  prepared  from  ex-PAN,  pitch  and  vapor  deposited  Filaments  showed 
dependencies  corresponding  to  their  different  structural  morphology.  In  the  order  given,  these  fibers  usually  vary 
from  random,  radial  to  annular  arrangement  of  structure  respectively.  This  increasing  degree  of  crystallinety  leads 
to  reduced  electron  scattering  and  thus  lowering  of  the  1/f  noise  in  carbon  fibers. 

Low  temperature  (10-300K)  profiling  of  1/f  noise  in  these  important  carbon  fibers  show  multiple  type 
electronic  interactions.  In  fact  results  show  that  higher  temperature  (>300K)  measurements  may  be  important  in 
these  fibers.  This  will  be  of  great  importance  since  high  temperature  applications  of  carbon-carbon  compos' tes  are 
of  considerable  interest. 

To  maintain  a  progressive  development  of  this  new  and  exciting  tool,  we  have  for  the  first  time  performed 
the  noise  measurements  in  carbon  fibers  under  applied  stress  and  also  during  a  fiber  loop  test.  This  research  is 
being  submitted  for  publication  in  the  J.  Applied  Physics  1991.  Uniaxial  stress  showed  a  small  reduction  in  noise 
as  the  fibril  alignment  improved  with  small  stress.  However,  considerable  increase  in  the  noise  was  observed  for 
higher  stress  as  the  fibril-fibril  contacts  ruptured  and  created  electronic  scattering  centers  in  the  fiber.  Models  have 
been  proposed  to  explain  the  noise  behavior  in  carbon  fibers. 

An  exciting  prospect  is  the  application  of  this  1/f  Loise  technique  in  diagnosing  the  high  temperature 
oxidation  sensitivity  of  the  carbon-carbon  composite.  We  believe  that  we  can  contribute  positively  to  this  problem 
with  our  new  technique  and  expertise  here  at  Colorado  State  University. 

2.  Mechanical  Properties  of  Vapor  grown  Carbon  Fibers 

In  any  characterization  involving  carbon  fibers,  the  mechanical  testing :  hould  be  routine,  especially  since 
a  major  advantage  of  these  materials  is  their  high-strength-to-mass  ratio.  We  have  performed  a  number  of 
measurements  to  mechanically  characterize  CCVD  fibers  and  where  appropriate  comparison  made  with  ex-PAN  and 
pitch  fibers.  Manuscripts  have  been  prepared  on  the  following  measurements: 
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Stress-Strain  Profile 


A  simple  y>  t  accurate  test  apparatus  for  stress  profiling  has  been  developed  using  linear  variable 
transformers.  Displacement  resolutions  of  about  2/tm  can  be  detected  with  ease.  This  is  sufficient  for 
a  single  carbon  fiber  which  typically  have  elastic  strain  values  less  than  1  %.  Young’s  modulus  of  vapor 
grown  carbon  fibers  with  varying  diameters  have  been  measured  successfully.  Results  show  a  decrease 
in  the  Young’s  modulus  with  increasing  diameters.  A  value  of  200  ±  IS  GPa  was  obtained  on  an  8/xm 
sample  in  agreement  with  other  reports,  however,  somewhat  lower  values  <  100  GPa  were  obtained  for 
larger  ~2L^  u..*meter  fibers.  Step  like  stress-strain  profiles  were  recorded  on  the  annealed  (>2500°C) 
vapor  grown  carbon  fibers.  All  the  results  are  discussed  in  terms  of  the  tree  ring  morphology  of  the 
vapor  grown  carbon  fibers. 

(ii)  Loop  Testing  CCVD  Fibers 

A  remarkable  observation  was  made  in  our  diameter  dependent  (0)  Young's  modulus  (Ey),  of  as-grown 
CCVD  carbon  fibers  obtained  from  a  single  batch.  The  measurements  were  made  during  a  simple,  yet 
requiring  considerable  dexterity,  loop  test  of  a  single  fiber.  We  observed  decreasing  Ey  with  fiber 
diameter  increasing  from 5  to  10/xm.  Then  an  increase  in  Ey  with  lO<0<2O/un.  Other  reports  of  dEy/d0 
show  a  negative  behavior  with  large  range  of  0(O-lOO/rm).  However,  our  study  for  the  first  time  on  a 
single  batch  of  fibers  ranging  from  5  to  20/tm  have  shown  a  detailed  behavior  previously  unseen  or 
masked  by  the  volume  of  measurements.  Our  interpretations  are  based  on  microstructural  entities,  within 
the  annular  morphology  of  the  CCVD  carbon  fibers.  A  Matthiessen’s  type  of  behavior  has  been  inferred 
for  the  Ey,  [Ey=l/(Ea;/E^. 

(iii)  Torsional  Behavior  of  CCVD  Fibers 

The  torsional  modulus  (G)  of  CCVD  carbon  fibers  of  both  as-grown  and  annealed  samples  were 
determined  with  a  torsional  pendulum.  G  is  found  to  be  both  stress  and  size  dependent.  The  extrapolated 
zero  stress  of  G  is  105±5  GPa  for  a  5.4/rm  diameter  as-grown  and  200±  10  GPa  for  an  8.4/xm  diameter 
annealed  fiber.  G  decreases  with  mcreasing  diameter.  These  unusually  high  values  of  G,  compared  to 
those  of  other  types  of  carbon  >  oers,  are  believed  to  be  due  to  the  tree-ring  structural  morphology  and 
the  degree  of  graphitization  of  these  CCVD  fibers.  In  fact,  the  maximum  theoretical  value  for  a  perfectly 
graphitic  structure  should  be  ~400GPa.  Therefore,  the  measured  G  values  for  the  CCVD  fibers  are  quite 
high  showing  highly  desirable  annular  structure. 

(iv)  New  Piezoresistance  of  Carbon  Fibers 

A  paper  was  being  reviewed  by  Philosophical  Magazine  at  the  untimely  death  of  Professor  Ian  L.  Spain 
on  the  relationship  between  structural,  elastic  and  piezoresistance  (PR)  properties  of  carbon  fibers.  In  the 
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paper  PR  was  found  to  b«  weakly  positive  for  turbostratic  fibers,  falling  to  increasingly  negative  values 
as  Young’s  modulus  incieased.  The  negative  PR  was  attributed  to  an  electronic  contribution  to  the  PR 
which  becomes  more  imj>ortant  as  the  graphitization  of  the  fiber  increases. 

The  work  performed  in  the  next  phase  of  this  research  was  to  test  the  validity  of  the  presence  of  electronic 
contribution  to  PR  in  carbon  fibers.  If  geometrical  effects  were  solely  responsible  for  the  PR  than  it 
should  be  temperature  independent,  otherwise  electronic  interactions  must  be  present  in  carbon  fiber. 
Electronic  interactions  an;  frequently  temperature  sensitive.  Therefore,  we  performed  one  of  the  first 
temperature  dependent  PR  measurements  on  carbon  fibers.  Our  results  are  very  exciting.  Indeed 
electronic  contributions  are  present  in  the  high  moduli  fibers  which  showed  negative  PR  at  room  30OK. 
At  1  IK  the  amount  of  negative  PR  was  reduced  compared  to  300K.  This  was  interpreted  as  a  reduction 
in  the  ionized  impurities  (at  11K)  that  was  available  to  the  inter-basal  planes  as  their  alignment  improved 
with  applied  stress  (or  improved  graphitization). 

Annealed  CCVD  fibers  with  high  modulus  showed  even  more  exciting  and  interesting  result.  At  30OK, 
the  PR  of  this  fiber  is  positive  compared  to  the  negative  values  for  high  modulus  PAN  and  pitch  fibers. 
The  positive  PR  in  this  CCVD  fiber  is  due  to  the  high  degree  of  3D  ordering.  Here  we  have  observed, 
for  the  first  time,  a  positive-to-negative  transition  in  PR  at  low  temperature.  This  result  is  an  indication 
that  perhaps  new  phenomenon  exist  in  these  annular  or  tree-ring  annealed  CCVD  fibers.  Further  work 
is  required  before  making  any  firm  conclusion. 

3.  Electrical  and  Magnetic  Properties  of  Thickened  ex-PAN  and  CCVD  Carbon  Fibers 

Electrical  characterization  of  thickened  ex-PAN  and  CCVD  fibers  have  been  carried  out.  Four-point 
resistivities  measured  between  10  and  300K  have  been  compared  with  other  commercially  available  fibers.  The 
magnetoresistance  of  these  fibers  was  also  obtained  at  4.2K  with  fields  up  to  15  Tesla  at  the  National  Magnetic 
Facilities  (MIT).  The  magnetoresistance  curves  can  be  fitted  with  Bright’s  theory  with  the  addition  of  ionized 
impurity  scattering. 

Ex-PAN  fibers  were  thickened  to  varying  degrees  by  vapor  deposition  of  hydrogen/acetylene  gaseous 
mixtures.  The  pyrolysis  of  the  hydrogen/acetylene  mixture  can  produce  two  distinct  forms  of  carbon:  (1)  vitreous 
pyrolytic  carbon  and  (2)  colloidal  soot.  The  production  of  vitreous  pyrolytic  carbon  is  favored  when  the  partial 
pressure  of  acetylene  is  low.  The  reaction  conditions  (partial  pressure  of  acetylene,  total  gas  flow,  and  time)  were 
varied  to  optimize  the  thickening  rate  and  minimize  non-uniform  growth  along  the  length  of  the  fiber.  The  same 
reaction  mechanism  controlling  the  thickening  of  CCVD  filaments  appears  to  control  this  thickening  of  ex-PAN 
carbon  fibers.  Both  are  composed  of  concentric  rings  of  pyrolytic  carbon. 
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4. 


CCVD  growth  straight  and  high  aspect  ratio  fibers 

Three  years  were  spent  optimizing  the  conditions  for  the  CCVD  rowth  of  straight  carbon  fibers  with  aspect 
ratios  of  100  to  1000.  Evaporated  ferrocene  catalyzed  fiber  growth  on  graphite,  quartz  and  ceramic  substrates. 
A  hot  wall  high  vacuum  to  atmospheric  pressure  ceramic  reactor  was  built  and  characterized.  Graphite  substrates 
were  found  to  consume  iron  catalyst  particles  upon  heat  treating  above  1000  C.  Straight  fibers  up  to  1.5  cm  in 
length  and  60  microns  in  diameter  were  grown.  Increasing  the  partial  pressure  of  benzene  linearly  decreases  fiber 
length  but  results  in  a  hyperbolic  decrease  in  fiber  diameter.  The  optimal  temperature  for  CCVD  was  found  to  be 
1 150C.  Three  stages  of  fiber  growth  were  observed:  nucleation,  axial  growth  and  then  thickening.  For  any  set 
of  chemical  conditions,  axial  growth  self  limits  as  radially  growth  rate  simultaneously  increases.  There  appears  to 
be  separate  and  competitive  chemistry  between  fiber  lengthening  and  thickening. 

5.  In-situ  pas  characterization  with  Raman  spectroscopy  during  fiber  growth 

Because  near-fiber  gas  phase  composition  and  temperature  must  be  known  before  any  laboratory  process 
can  be  scaled  to  pilot  conditions,  a  laser  Raman  system  was  built  for  local  observation  during  CCVD.  This  project 
has  been  cost  shared  with  Sematech,  Semiconductor  Research  Corporation  and  Sandia  National  Labs  in  order  to 
build  this  state-of-the-art  laser  Raman  facility.  The  laser,  optical  system,  diagnostics,  high  vacuum-atmospheric 
pressure  CCVD  reactor  have  been  built  and  calibrated  for  nitrogen,  hydrogen  and  methane.  The  students  will 
continue  this  work  until  carbon  filament  growth  has  been  characterized  in  terms  of  local  gas  composition.  Papers 
written  after  the  termination  of  this  project  will  be  sent  to  AFOSR. 

6.  Other  Accomplishments 

Computer  simulation  of  carbon  whisker  growth  was  initiated.  This  simulation  is  based  cn  techniques 
successfully  applied  to  the  molecular  beam  epitaxy  of  semiconductors. 

Attempts  were  made  here  at  CSU  to  study  the  x-ray  diffraction  of  fibers  subjected  to  tensile  and  bending 
stresses.  Recommendations  are  made  to  perform  these  critical  studies  using  synchrotron  radiation. 

Other  related  work  completed  during  this  contract  period:  Carbon  Boron-Nitride,  Highly  Oriented 
Pyrolytic  Graphite,  X-ray  diffraction  of  graphite  at  high  pressure,  and  whisker  growth  by  ion-bombardment.  Also 
completed  by  Professor  Ian  L.  Spain  was  a  book  on  "Graphite  Fibers  and  Filaments". 
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In  Memory  of  Ian  L.  Spain 


Professor  Ian  L.  Spain  died  on  September  5.  1990.  at 
the  ape  of  50  from  cancer.  Ian  was  a  senior  faculty 
member  of  the  physics  department  at  Colorado  State 
University.  Ian  was  treated  for  the  same  illness  eighteen 
months  prior  to  his  death  and  was  given  a  clean  bill  of 
health  even  to  the  extent  that  he  fell  in  love  and  was 
married  three  months  prior  to  this  sudden  recurrence. 
He  had  accomplished  so  much  of  importance  to  science 
and  technology  and  had  contributed  so  much  of  himself 
to  so  many  people.  During  his  tenure  on  the  staff  of 
Colorado  State  University,  and  before  that  at  the 
University  of  Maryland.  Ian  made  a  memorable 
impression  on  hi:,  students,  visitors,  professionals, 
colleagues,  and  friends.  Hardest  to  accept  is  the 
realization  that  he  still  had  so  much  to  offer  to  his 
friends,  family,  colleagues,  and  God.  A  deeply  religious 
man.  Ian  was’  also  studying  theology  for  the  last  three 
years,  and  this  together  with  his  love  of  science  and 
music  led  him  to  a  full  spectrum  of  life.  He  was  also  a 
skilled  sailor  which  often  took  him  and  his  sons  back  to 
Maryland  or  Washington  for  sailing. 

Ian  was  born  in  Kent.  England,  on  June  19. 
1940,  lie  received  his  B.S.  in  Physics  and  A.R.C.S.  in 
1961.  and  his  Ph.D.  with  A.R.  Ubbelohde  at  Imperial 
College.  University  of  London,  in  1964.  In  addition  to 
his  commitments  to  science,  Ian  raised  three  boys  after 
the  death  of  his  first  wife  Wendy.  This  year  Ian 
witnessed  his  eldest  son,  Anthony,  earn  a  doctorate  in 
Music.  His  second  son.  Andrew,  graduated  with  a 
degree  in  Political  Science  in  the  presence  of  his  father. 
His  youngest  son,  Russell,  now  studying  at  Colorado 
State  University,  was  married  just  prior  to  Ian  s  death. 

In  198X  lan  co-authored  a  book.  Graphite  Fibers 
ami  Filaments,  (with  M.S.  and  G.  Drcsselhaus,  K. 
Sugihara.  and  II. A.  Goldberg:  pub.  Springer* Vcrlag). 
His  area  of  scientific  interest  was  the  Physics  of  the 
Condensed  Phase.  Specifically  the  physics  of  Carbons 
and  related  materials  (electronic  properties,  mechanical 
properties,  structure-property  relationships,  highly- 
oriented  pyrolytic  graphite,  carbon  fibers,  glassy  carbon, 
intercalation  of  graphite)  and  the  physics  of  materials 
subject  to  high  pressure  (phase  transitions,  equations  of 
state,  electronic  properties  of  semiconductors  and 
semiconductor  structures,  superconductivity).  He  left 
ongoing  research  projects  on  catalytic  chemical  vapor 


deposited  carbon  fibers  with  emphasis  on  the  growth  and 
testing  of  superior  carbon  fibers  for  aerospace 
technology. 

Ian's  high  pressure  expertise  is  reflected  in  the 
book  High  Pressure  Tecltnolog y  (two  volumes),  (with 
J.  t’aauwe.  Marcel  Dckkcr.  NY.  1977).  He  also 
contributed  to  four  book  chapters,  and  an  encyclopedia 
article  High  Pressure  Technology,  which  was  published 
in  the  Kirk  Othmer  Encyclopedia  of  Chemical 
Technology  (John  Wiley  and  Sons.  1980).  He  was 
involved  in  the  research  and  development  of  the  high 
pressure  diamond  anvil  cell.  Perhaps  one  of  the  more 
unique  experiments  that  lan  was  concerned  with  recently 
was  the  first  electrical  measurement  on  semiconductors 
in  a  liquid  environment  and  in  a  diamond  anvil  high 
pressure  cell.  He  w  as  also  involved  in  development  of  a 
miniature  cell  for  tow  temperature  operation.  As  a  world 
leader  in  this  field  he  was  always  being  consulted  by 
many  laboratories  all  over  the  world  for  his  expert 
advice.  His  consulting  arena  included  universities, 
government  and  industrial  laboratories. 

lan  was  truly  an  internationally  known  scientist. 
Prior  to  his  illness  he  was  in  Europe  on  a  NATO  grant 
where  he  was  collaborating  with  research  laboratories  in 
France  and  England.  He  was  in  the  North  American 
Editor  for  the  Contemporary  Physics  journ.  He  also 
consulted  for  books  and  journals  for  Taylor  and  Francis 
of  London.  At  the  time  of  his  death  lan  had  four 
manuscripts  in  the  publication  pipeline  and  at  least  a  half 
dozen  papers  that  will  be  completed  by  his  colleagues. 
His  ability  to  show  students,  both  undergraduate  and 
graduate,  the  exciting  side  of  research  was  well 
recognized.  Students  and  visitors  to  his  laboratory 
frequently  returned  for  his  advice  and  collaboration.  His 
graduate  students  will  testify  to  Ian's  ability  to  produce 
quality  results.  He  was  always  available  to  discuss  the 
nature  of  their  research  and  freuuentlv  visited  the 
laboratory  to  see  if  anyone  needed  his  help.  Indeed  he 
never  lost  the  desire  to  work  beside  students  and  visiting 
scientists  in  the  laboratory.  On  some  occasions  when  his 
expertise  was  not  especially  called  for.  he  would  joke 
about  feeling  neglected.  Ian  will  be  remembered  by 
those  whom  he  met  and  worked  with  as  a  leader, 
teacher,  and  a  friend  who  was  always  available  even  on 
the  end  of  a  telephone,  lan  always  tried  to  help 
financially  poor  students  complete  their  studies  us  he  was 
in  a  similar  situation  when  he  was  growing  up. 

To  the  scientific  community  the  death  of 
Professor  Ian  L.  Spain  is  an  immense  loss.  His  expertise 
and  professional  attitude  towards  his  research  was 
admirable.  His  creativity,  originality,  and  excellence  in 
research  was  exemplary.  His  enthusiasm  and  energetic 
stvle  of  life  made  him  quite  unique  and  we  salute  a  man 
of  great  stature,  lan  leaves  behind  his  sons  and  widow 
Elisabeth,  a  French  lady,  who  is  new  to  America.  Ian 
felt  very  preui  to  be  sharing  his  life  with  Elisabeth  after 
being  seemingly  reprieved  from  cancer,  The  relatively 
sudden  reappearance  of  the  cancer  which  claimed  his  life 
in  a  short  period  is  sometimes  incomprehensible. 

The  contributions  of  the  Physics  department  at 
Colorado  State  University  and  Ian's  family  in  the 
preparation  of  this  obituary  arc  gratefully  appreciated. 
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ABSTRACT 

In  our  study,  published  in  the  Journal  of  Applied  Physics  66,  4284-87  (1589),  the  low-frequency  excess 
electrical  noise  was  measured  in  carbon  fibers  with  a  wide  range  of  crystalline  perfection  and  corresponding 
electrical  and  mechanical  properties.  Fibers  included  those  prepared  from  ex -PAN  and  ex -pitch  polymers  and 
a  catalytic-chemical-vapor  deposited  filament.  The  extensional  (Young’s)  moduli  of  these  fibers  varied  from  about 
220  to  890  GPa  (35-130  MSi)  while  the  electrical  resistivities  varied  from  about  19  to  1  /d)-m.  The  low 
frequency  electrical  noise  of  each  fiber  was  found  to  be  proportional  to  I3  (I=current)  and  to  vary  as  1/P,  where 
f  is  the  frequency  and  a  is  about  1.15.  The  most  striking  feature  of  the  results  was  the  strong  dependence  of  the 
normalized  noise  power  on  the  degree  of  crystalline  perfection. 

Temperature  (80-300K)  dependence  of  the  electrical  noise  in  carbon  fibers  have  also  been  performed  in 
order  to  further  substantiate  the  origins  of  noise  in  fibers.  Evidence  shows  that  new  modeling  is  required  in  order 
to  explain  the  new  findings. 

A  third  phase  of  the  noise  criterion  in  carbon  fibers  is  the  application  of  tensile  and  compressive  stress 
while  simultaneously  profiling  noise.  The  specific  noise  initially  decreases  with  applied  stress,  corresponding  to 
improved  alignment  of  the  layers  or  ribbons;  then  the  noise  increased  considerably  with  further  increase  in  stress. 
This  increase  is  due  to  the  fracture  of  interlayer  filaments  leading  to  an  eventual  catastrophic  failure  of  the  fiber. 
Quantification  of  the  results  indicate  a  probable  two  band  model  with  one  positive  and  one  negative  contributing 
terms.  A  strong  recommendation  is  made  to  exploit  this  technique  to  further  probe  the  carbon  fiber  and  the 
carbon -carbon  fiber  composite  in  order  to  solve  the  high  temperature  oxidation  problem  for  utilizing  the 
high-strength-to-mass  ratio  in  aerospace  and  also  hostile  environment. 
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I.  INTRODUCTION 


Carbon  fibers  are  inhomogeneous  materials  in  which  the  basic  building  blocks  can  be  thought  of  as  ribbons. 
Each  ribbon  consists  of  a  stack  of  graphene  planes  (planes  of  hexagonal  carbon  with  vacancies  and  vacancy 
clusters),  and  the  stacking  can  be  random  (turbostratic  ordering)  or  regular  (graphitic).  The  ribbons  are  roughly 
aligned  along  the  fiber  axis  and  the  mean  misorientation  angle  is  an  important  parameter  which  controls  the 
extensional  (Young’s)  modulus.  The  arrangement  of  the  ribbons  across  the  section  of  the  fiber  depends  critically 
on  the  type  of  fiber  and  such  parameters  as  the  processing  conditions.  For  instance,  ex  -PAN  fibers  usually  have 
a  random  arrangement,  ex -pitch  fibers  a  radial,  and  catalytic-chemical-vapor-deposited  (CCVD)  filaments  a  tree 
ring  one.[l] 

Although  scanning  electron  microscopy  and  x— ray  diffraction  techniques  are  employed  to  define  these 
microstructures,  there  is  a  lack  of  probe  type  method  for  structural  analysis  of  carbon  fibers  and  composites.  In 
order  to  understand  the  microstructure  of  various  carbon  fibers  ranging  from  complete  turbostratic  to  highly  ordered 
systems,  low  frequency  electrical  noise  program  has  been  successfully  initiated.  Room  temperature  electrical  noise 
in  a  number  of  carbon  fibers  have  been  measured  and  the  results  published[2]  (hereafter  denoted  as  I).  It  was 
shown  that  the  noise  varies  strikingly  with  the  degree  of  perfection  of  the  fiber.  Since  noise  is  a  manifestation  of 
conductivity  fluctuation,  it  was  suggested  that  electrical  noise  may  be  a  sensitive  probe  of  fracture  and  pre- fracture 
in  fibers,  which  are  not  well  understood. 

In  order  to  understand  the  origin  of  electrical  noise,  an  extension  of  the  work  in  paper  I,  low  temperature 
dependent  noise  profiles  were  obtained  for  consistency  on  the  same  samples  studied  in  the  previous  paper.  This 
is  important  in  enabling  the  data  to  be  fitted  to  existing  models.  Results  are  analyzed  to  give  the  exponent  a,  of 
the  1/P  noise  dependence  (f  =  frequency),  and  the  variation  of  the  noise  power  at  22  Hz,  as  a  function  of 
temperature.  These  data  are  then  analyzed  in  terms  of  an  existing  model,  showing  that  the  model  needs  to  be 
improved. 

This  temperature  dependent  noise  in  carbon  fibers  will  be  re-examined  and  published  in  due  course  by 
DP.  This  delay  was  due  to  the  regretful  death  of  Professor  Ian  L.  Spain. 

The  next  phase  of  noise  technique  development  and  application  is  the  stress  dependent  electrical  noise  in 
carbon  fibers.  This  new  work  is  currently  being  submitted  for  publication  in  the  J.  Appl.  Phys.  The  current 
measurements  are  exploiting  the  somewhat  unique  feature  of  the  electrical  noise  to  examine  the  microstructure  of 
carbon  fibers.  Tensile  stress  is  applied  to  improve  the  alignment  of  the  fiber  microstructure,  whereby  the  low 
frequency  1/f  noise  power  should  diminish  until  fiber  fracture  when  a  sharp  increase  in  noise  can  be  expected. 
Models  are  discussed  to  describe  these  stress  dependent  noise  in  carbon  fibers. 
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n.  EXPERIMENTAL  DETAILS 


Details  of  the  fiber  types  with  their  size,  Young’s  modulus,  and  electrical  resistivities  can  be  found  in 
Paper  I.  The  same  batch  of  samples  were  studied  for  the  low  temperature  work.  In  the  stress  dependent  experiment 
a  good  cross  section  of  the  samples  were  selected.  These  included  low  and  high  modulus  PAN  fibers  and  as— grown 
and  annealed  vapor  grown  fibers. 

Sample  preparation  (Paper  I)  were  similar  for  all  the  noise  experiments  with  few  special  details  as  described 
below.  A  four  point  probe  type  electrical  contacts  were  maintained. 

1.  No  special  feature  was  necessary  for  the  room  temperature  measurement. 

2.  Performing  cryogenic  measurements  required  few  special  requirements.  Sample  was  mounted  on  a 
small  phenolic  circuit  board  with  electrical  leads  and  placed  in  a  copper  can  in  a  stainless  steel  tube 
of  a  cryostat.  The  tube  was  cooled  on  the  outside  with  liquid  nitrogen  via  a  small  partial  pressure  of 
exchange  gas  inside  it.  Measurements  were  taken  at  ~  10  K  increments  with  the  temperature 
maintained  to  ±0.1  K  by  a  heater.  The  temperature  was  measured  with  a  calibrated  thermocouple. 

3.  Stress  dependent  noise  requirements  were  somewhat  special.  A  schematic  of  the  monofiber  mount  is 
shown  in  Fig.  1.  Mylar  was  used  to  mount  the  fiber.  The  electrical  contacts  were  made  using  silver 
epoxy.  Non -conducting  epoxy  was  employed  to  isolate  the  portion  of  the  fiber  under  stress  from  the 
electrical  contacts.  A  special  feature  of  the  techniques  involves  a  method  which  allows  for  handling 
of  the  single  fiber  sample  and  the  holder  during  preparation.  This  was  achieved  by  attaching  a  small 
nylon  (fishing  line)  thread  on  both  sides  of  the  single  carbon  fiber  sample.  Prior  to  measurements  the 
nylon  threads  were  severed  using  a  hot  soldering  iron.  Uniaxial  stress  was  applied  using  a  suspended 
weight  from  the  lower  portion  of  the  mylar  mount  and  a  calibrated  electromagnet,  also  shown  in 
Fig.  1. 

The  electrical  circuit  used  for  the  noise  extraction  was  similar  to  the  one  employed  for  the  measurements 
in  our  Paper  I.  A  constant  dc  current  was  maintained  through  the  sample  using  batteries,  a  wire  wound 
potentiometer,  and  a  regulated  field  effect  transistor.  The  voltage  across  the  potential  leads  of  the  sample,  after 
blocking  the  dc  voltage  with  capacitors,  was  amplified  first  by  a  pre-amplifier  (voltage  gain  of  1000  between 
10- 100  Hz),  than  by  a  Princeton  Applied  Research  amplifier  (variable  gain).  The  amplified  signal  is  analyzed  by 
a  Fast  Fourier  Transform  Hewlett-Packard  Spectrum  Analyzer  to  produce  a  voltage- frequency  spectrum.  A  block 
diagram  of  the  experimental  set  up  is  shown  in  Fig.  2. 

In  Paper  I  the  basic  characteristics  of  1/f  behavior  in  carbon  fibers  were  established.  The  1/f  characteristic 
in  carbon  fibers  was  shown  for  intermediate  frequencies.  In  fact  noise  power  shows  a  1/f3  dependence  at  very  high 
frequencies  and  no  dependence  for  very  low  frequencies.  In  the  range  of  interest,  the  1/f  noise  power  is  defined 
as 
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Sv(f)  =  <V2  (f)  >/Af  . 


(1) 


The  1/f  behavior  for  low  modulus  PAN  fiber  at  room  temperature  and  for  different  sample  currents  is  shown  in 
Fig.  1  of  Paper  I.  The  noise  spectra  were  free  from  any  mechanical  interference  and  the  zero  current  noise  was 
consistent  with  Johnson  noise.  Each  spectrum  was  obtained  by  averaging  up  to  256  measurements.  In  Fig.  2  of 
Paper  I  the  corresponding  P  behavior,  which  according  to  Eq.  1 ,  is  linear.  The  slope  of  the  Sv  variation  with 
frequency  is  the  constant  or  given  by  the  phenomenological  relation 


Sv(f)  «  V2/Nf  “ 


(2) 


where  N  represents  the  number  of  charge  carriers  and  or  ~  1  (for  the  frequency  range  of  interest).  A  more  detailed 
discussion  of  the  background  can  be  found  in  I  and  ref.  [3]  relating  to  these  types  of  measurements  and  analysis. 

in.  THE  ELECTRICAL  NOISE  OF  CARBON  FIBERS  (Paper  I) 

The  results  of  these  experiments  have  been  reported  in  Paper  I  (see  appendix).  The  highlight  of  the  results 
is  shown  in  Table  1  below. 

The  normalized  noise  (noise  power  at  1  Hz  X  volumeVcurrent2)  varies  over  five  orders  of  magnitude  from 
a  high-strength  fiber  (modulus  of  230  GPa)  to  a  chemical-vapor-deposited  one  (modulus  in  excess  of  700  GPa). 
It  is  this  observation  that  suggests  that  electrical  noise  is  a  sensitive  probe  of  defects  and  may  prove  of  interest  in 
probing  fracture  processes.  Since  noise  has  been  shown  to  distinguish  fibers  of  different  mechanical  properties,  the 
next  obvious  phase  of  the  program  was  to  determine  the  temperature  dependence  of  the  noise  in  their  fibers. 
Temperature  profile  often  reveals  considerable  detailed  information  on  the  electronic  scattering  mechanisms  and  their 
parameters  relating  material  properties. 

IV.  LOW  TEMPERATURE  DEPENDENT  NOISE  IN  CARBON  FIBERS 
1.  Results 

Typical  results  of  the  noise  power,  SN,  as  a  function  of  frequency  are  plotted  in  Fig.  3.  Each  plot  has  three 
curves  at  130,  230,  and  290  K  showing  that  the  magnitude  and  slopes  of  the  curves  are  fluctuations  of  temperature. 
The  three  figures  are  for  representative  fiber  types:  (1)  Celion  3000,  a  high-strength,  low  modulus,  ex-P\N 
fiber,  (2)  Union  Carbide  P-100,  a  pitch-based  fiber  of  high  modulus,  (3)  VC,  a  catalytic -chemical 
vapor-deposited  fiber  annealed  to  3000°C  of  high  modulus.  (See  Table  1  and  ref.  [2]  for  details  of  fiber 
parameters.) 
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Table  1.  Summary  of  the  fibers  studied,  their  size,  Young’s  modulus,  Ey,  electrical  resistivity,  and  normalized 
noise  power  (at  1  Hz).  SR  =  Sv(volume)/P(V2m3/HzA2). 


Fiber  Type 

Diameter(/xm) 

Ey  (GPa) 

Electrical  SR 

ResistivityOrfi  m) 

Celion  3000 

7.0 

220 

19.0 

18.3 

GY-70 

7.0 

480 

5.0 

1.62 

GY-70+ 

7.0 

690 

3.7 

5.1xl0'2 

P-25 

9.5 

550 

4.2 

1.9xl02 

P-100 

9.0 

690 

2.88 

9.9xl0'3 

P130X 

9.1 

890 

1.09 

3.0xl0'3 

P-100B 

8.6 

690 

2.4 

5.5xl0"3 

CCVD 

30.2 

800 

0.95 

3.6xl0'6 

The  noise  level  recorded  at  290  K  was  in  good  agreement  with  those  in  I,  with  two  exceptions.  The  absolute 
values  of  noise  in  the  Celion  3000  and  GY— 70  samples  were  inconsistent  with  I.  There  was  no  attempt  made  to 
obtain  the  absolute  noise  but  rather  to  profile  a  relative  temperature  dependence  between  the  fibers. 

The  slope  (a)  of  the  temperature  noise  profile  is  an  important  parameter.  Figure  4  shows  the  experimental 
data  for  Celion  3000  low  modulus  ex— PAN  fiber.  The  parameter  a  was  determined  at  each  temperature  using  the 
following  expression 


0  =  1- 


1  (din  (S) 
ln(uT0)  \  d InT 


(3) 


where  o>  and  r0  are  frequency  parameter  and  thermal  activation  time  constant.  The  figure  clearly  shows  a 
temperature  dependent  constant  a.  Figure  5  shows  the  negative  slope  of  the  noise -frequency  profiles  at  different 
temperature  for  three  of  the  fibers.  All  fibers  exhibit  minima  in  a(T)  at  -230  K.  It  is  possible  that  a  maxima 
occurs  at  higher  temperature  (see,  for  example,  the  curve  for  Celion  3000)  and  an  extension  of  the  measurements 
to  temperature  above  300  K  is  necessary  especially  since  considerable  interest  is  now  focused  on  enhancing  the  high 
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temperature  resistance  to  oxidation  of  carbon -carbon  composite. 

The  temperature  dependence  of  the  noise  power  at  22  Hz  is  given  in  Fig.  6  for  three  samples.  This 
frequency  was  chosen  to  minimize  instrumental  factors,  and  where  the  noise  level  is  approximately  stable.  The 
curves  in  Fig.  6  are  for  different  sample  current  levels,  but  all  results  are  similar,  showing  a  low  temperature  region 
of  constant  noise,  an  increase  above  ~200  K,  and  either  saturation  or  a  maximum  at  300  K.  Further  measurements 
are  needed  at  higher  temperature  to  establish  definitively  the  maximum. 


2.  Discussion 

Although  the  noise  levels  of  the  different  fibers  vary  over  orders  of  magnitude,  the  behaviors  of  a(T)  and 
Sv(22  Hz)(T)  are  surprisingly  similar,  suggesting  a  common  cause  for  the  phenomena.  Some  similarities  with  the 
data  of  Fleetwood  et  al.,[4]  on  carbon  resistors  are  noted,  although  the  correspondence  is  not  close.  Their  curves 
of  a(T)  show  a  sinusoidal  variation  similar  to  ours,  but  the  noise  reaches  a  minimum  of  ~  300  K  and  a  maximum 
at  -200  K. 

The  origin  of  excess  noise  is  still  not  well  understood.  One  approach  which  attempts  to  give  a 
semi  -empirical  explanation  of  the  1/f”  spectrum  starts  with  the  concept  of  constraining  a  1/f  spectrum  from  random 
events[3].  If  the  characteristic  time  is  r,  the  resulting  noise  spectral  density  has  a  Lorentzian  shape  [4] 


T 

1  +  W2T2 


(5) 


where  u  =  2xf.  If  the  noise  process  involves  a  distribution  of  relaxation  times  D(t)  —  1/r  for  t,  <  r  <  r2,  then 


Sv 


xD{  t) 

1  +  Ci>2T2 


dx  *f 


dt 

1  +  (x>2Z2 


(6) 


At  high  frequency  Sv  «  1/f2,  at  low  frequency  it  is  independent  of  f,  and  in  the  intermediate  region  oc  1/f.  The 
temperature  dependence  might  be  controlled  by  a  thermal  activation  process,  with  a  characteristic  attempt  time,  r0, 
then 


t  =  tq  exp  kE/kT 


(7) 
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where  AE  is  the  activation  energy.  Attempts  to  fit  such  an  activation  energy  to  the  present  case  was  unsuccessful. 
Noise  is  generated  at  inter -particle-contacts  in  the  fiber,  this  is  analogous  to  inter-ribbon  contacts  via  filaments. 
Further  work  on  modeling  our  low  temperature  noise  is  required  to  obtain  an  acceptable  explanation  of  the  results. 
Such  a  model  will  require  electrons  that  are  specific  to  carbon  (anisotropic  semimetal).  High  magnetic  field  studies 
will  enhance  this  modeling  of  noise  effects  in  carbon  fibers. 

V.  STRESS  DEPENDENT  NOISE  IN  CARBON  FIBERS 
1.  Results  from  Tensile  Tests 

In  a  convenient  manner  data  were  stored  as  normalized  relative  noise  power  ASV/S„,  with  a  frequency  span 
of  10-60  Hz,  in  carbon  fibers  as  they  were  stressed  to  fracture.  ASU/SV  is  defined  as 

A  Sv/Sv  =  (L2/ L1)[Sv{a ,  f)  -  Sv(0,f)]/Sv(0,f)  (8) 


where  L/L,  is  the  ratio  of  fiber  length  under  stress  and  the  distance  between  the  noise  probes  and  a  is  the  applied 
stress  in  GPa.  This  factor  is  the  result  of  removing  any  stress  transmitted  to  the  noise  contacts  which  may  otherwise 
cause  anomalous  result. 

a.  Low  modulus  PAN  fiber 

Typical  AS V/SV  frequency  spectrum  is  shown  in  Fig.  7  for  a  low  modulus  PAN  carbon  fiber  at  different 
stresses.  A  least  square’s  fit  to  the  data  is  indicated  by  the  solid  line.  For  clarity  only  the  fit  to  the  data  is  shown 
for  some  of  the  other  stresses.  There  is  a  clear  change  in  the  noise  power  with  stress.  Also  there  is  a  distinct 
change  in  the  slope  of  the  curves  in  the  figure.  This  slope  is  the  familiar  constant  a  in  Eq.  2  which  is  typically 
equal  to  unity  at  zero  stress. 

Using  Eq.  2 


S  ~  1/Nfa 


Now  with  stress  the  relative  change  is  the  noise  power  can  be  rewritten  as 


A  S/S  =  N0  fa°/N0  f  “  -  1 


or 
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log  [1  +  A  S/S]  =  log[W0/;vo]  +  (a0  -  a)log(f) 


(4) 


where  N  and  a  are  stress  dependent  with  N0  and  a0  are  the  zero  stress  values.  Results  in  Fig.  7  can  now  be 
understood  qualitatively.  The  increase  in  the  slope  of  the  log(l  +  AS/S)  against  log(f)  corresponds  to  the  constant 
a  which  is  no  longer  constant  but  dependent  upon  stress.  The  number  of  carriers  N„  is  also  decreasing  as  a 
consequence  of  the  change  in  the  intercept. 

At  a  frequency  of  35  Hz,  ASV/SV  is  plotted  as  a  function  of  stress,  <r(GPa),  in  Fig.  8  for  a  low  modulus  (220 
GPa)  PAN  fiber.  This  result  shows  that  at  low  stress  values  the  noise  power  decreases  by  a  small  amount.  This 
is  consistent  with  our  low  stress  noise  power  results  in  other  samples.  After  a  minimum  in  the  noise  power,  gradual 
increase  in  the  signal  is  observed  at  higher  stresses  until  the  fiber  breaks.  The  increase  in  noise  power  at  fiber 
breakage  can  be  as  high  as  30%  in  low  moduli  PAN  fibers. 

b.  High  modulus  ex-PAN  fiber 

The  noise  power  (at  35  Hz)  with  stress  for  a  relatively  high  modulus  1480  GPa)  ex -PAN  is  shown  in  Fig.  8 
also.  This  result  is  similar  to  the  low  modulus  fiber.  The  main  difference  is  in  the  magnitude  of  the  noise  power 
at  higher  stresses.  In  this  fiber  there  is  a  15  %  increase  in  the  noise  power  at  0.6  GPa.  This  compares  to  30  %  at 
~  5  GPa  stress  for  the  low  modulus  fiber.  It  is  important  to  point  out  that  from  piezoresistance  measurements,  on 
these  two  fibers[6]  it  was  shown  that  the  resistance  of  the  low  modulus  fiber  increased  with  stress,  however,  in  the 
higher  modulus  fiber  the  resistance  decreased  with  stress.  Therefore  the  two  experiments,  which  are  similar  in  set 
up,  show  results  which  are  originating  from  different  mechanisms  involving  the  effect  of  time  constants,  carrier 
type,  and  carrier  concentrations. 

C.  CCVD  fibers 

Stress  dependent  electrical  noise  power  in  as -grown  and  annealed  CCVD  fibers  are  shown  in  Fig.  9. 
Although  there  is  relatively  more  scatter  in  the  as-grown  data  compared  to  the  annealed  fiber,  the  least  squares 
fit  solid  line  show  the  same  trend  with  those  results  above.  The  scatter  in  the  data  is  reflecting  the  weak  interplaner 
type  contact  which  are  severed  upon  increasing  axial  stress.  Table  2  shows  that  the  ratio  (AS/S)/<r  is  about 
one -half  that  of  the  annealed  sample.  This  value  quantifies  the  degree  of  ordering  between  the  as -grown  and 
annealed  CCVD  fibers.  Also  it  is  shown  that  the  annealed  sample  is  almost  featureless  compared  to  the  as -grown 
sample.  The  annealed  sample  is  well  behaved  in  terms  of  the  scatter  in  the  data.  This  is  indicative  of  the  more 
ordered  material.  These  observations  are  quite  important  since  we  show  for  the  first  time  that  noise  is  a  very  good 
tool  to  determine  the  degree  of  ordering  in  different  carbon  fibers. 
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Table  2.  Size,  Young’s  modulus,  and  noise  power  at  maxumum  applied  stress  for  a  cross  section  of  samples  studied. 


Fiber  Type 

Diameter 

(jim) 

Young’s  Modulus 

(GPa) 

[S(O-S(0))/S(0) 

Celion  3000 

7.0 

220 

0.07 

GY-70  (PAN) 

7.0 

480 

0.02 

CCVD  (as-grown) 

6.5 

- 

0.04 

CCVD  (annealed) 

8.0 

- 

0.01 

2.  Discussion  (Tensile) 

It  was  stated  by  us[l]  that  noise  would  decrease  in  fibers  placed  under  tension  with  improved  interlayer 
contact.  Also  stated  in  the  same  article  was  the  comment  that  noise  would  be  significantly  lower  for  the  CCVD 
fibers.  The  former  speculation  was  somewhat  true  in  practice.  Here  we  found  only  a  small  decrease  in  noise  for 
small  stress  due  to  the  fibril-fibril  contract.  However,  considerable  increase  in  the  noise  was  measured  for  the 
higher  stress  due  to  the  fracture  and  severing  of  filamentary  connections  between  fibrils  as  they  are  put  under 
increasing  tension.  The  second  speculation  has  been  shown  to  be  a  fact.  CCVD  fibers  do  show  lower  noise  due 
to  their  better  ordered  microstructure  compared  to  the  low  moduli  PAN  fibers.  In  fact  we  showed  that  the  annealed 
fibers  were  very  well  ordered  and  that  high  temperature  treatment  of  CCVD  fibers  can  be  effectively  tested  using 
this  technique. 

The  low  modulus  ex -PAN  fiber  show  the  highest  increase  in  the  noise  power  with  stress  since  the  low 
modulus  ex -PAN  fiber  is  more  turbostratic  compared  to  the  rest  of  the  fibers  under  investigation.  Comparison 
of  the  noise  power -stress  spectra  between  low  modulus  (220  GPa)  and  higher  modulus  (480  GPa)  ex -PAN  fiber 
show  that  the  noise  power  show  a  smaller  dependence  on  stress  for  the  higher  moduli  fibers.  This  is  consistent  if 
the  degree  of  change  in  the  noise  power  with  stress  is  related  to  the  alignment  of  the  microstructure  m  these  carbon 
fibers.  The  ratio  of  AS/S  to  the  highest  stress  is  a  qualitative  measure  of  the  degree  of  order  in  fibers.  From  this 
one  can  see  that  the  CCVD  fibers  are  more  ordered  than  the  lower  moduli  ex -PAN  fibers.  The  annealed  fibers 
show  even  lower  noise  r  ,er  with  stress  which  corresponds  to  well  aligned  system. 

The  speculation  regarding  bursts  of  noise  upon  fiber  breakage  may  be  present  to  some  degree  in  the  amount 
of  scatter  in  the  data.  One  expects  small  bursts  of  noise  when  interlayer  connections  are  severed.  And,  if  one 
draws  a  higher  order  polynomial  fit  to  the  as-grown  CCVD  fiber  data,  one  observes  maxima  which  corresponds 
to  this  point.  However,  without  further  data  with  smaller  stress  increments  no  firm  conclusions  can  be  drawn 
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regarding  this  point  at  this  stage. 

Good  fit  to  the  noise  power  spectra  can  be  obtained  by  employing  empirical  relation  such  as 


a/Na(o)  +  b/Nb(o) 


where  a  and  b  are  constants  with  N,  and  Nb  being  positive  and  negative  stress  dependent  terms  respectively.  For 
the  ex -PAN  (220  GPa)  fiber  the  values  are  a  =  0.9,  b  =  2.9,  N,  =  0.1  +  <r7xl0'3,  and  Nb  = 
0.27  -  ffl.2x  10"4.  This  type  of  behavior  is  indicative  of  a  two-band  model  where  the  applied  uniaxial  stress 
separates  the  two  bands  in  opposite  directions[7].  At  higher  stresses  the  carriers  will  be  resident  in  the  higher 
effective  mass  band,  therefore  increasing  electronic  scattering.  Physically  one  may  view  the  low  modulus  PAN 
fibers  as  those  depicted  in  Fig.  6.16a-c  (Johnson,  1987  [8])  with  a  high  degree  of  misorientation  of  crystallites. 
Under  applied  axial  stress  one  expects  the  fiber  to  initially  become  better  aligned  as  the  porosity  is  improved  and 
increased  fibril— fibril  contact.  However,  at  higher  stresses  the  weaker  linkage  between  fibrils  will  fracture  and 
then  rupture.  These  dangling  fibrils  can  then  act  as  electronic  scattering  sites.  This  is  a  plausible  cause  of  the 
observed  increase  in  noise  in  carbon  fibers  under  applied  stress  as  reported  in  this  work.  Further  studies  are 
planned  on  carbon  fibers  and  composites  which  have  been  heat  treated  by  different  amounts.  It  has  been  shown[9] 
that  the  heat  treatment  of  carbon  fibers  leads  to  increased  order  from  turbostratic  to  two-dimensional  and  eventually 
to  three-dimensional  ordering  as  higher  graphitic  characteristics  are  obtained.  A  systematic  comparison  between 
the  noise  power  and  heat  treatment  will  lead  to  refined  model  and  a  quantification  of  the  degree  of 
ordering/alignment  in  carbon  fibers.  This  work  will  further  establish  noise  measurements  as  a  powerful  tool  in 
examining  these  technological  important  materials. 

3.  Results  and  Discussion  of  Compressive  Test 

We  have,  for  the  first  time,  carried  out  electrical  noise  in  a  low  modulus  ex -PAN  fiber  with  applied 
compressive  force  via  a  loop  test.  Special  sample  preparation  was  necessary.  A  schematic  drawing  of  the  set  up 
is  shown  in  Fig.  10  which  employs  a  set  up  similar  to  those  described  in  the  mechanical  characterization  chapter. 
A  thin  piece  of  insulator  mica  was  inserted  in  the  loop  to  avoid  an  electrical  short.  The  Young’s  modulus  of  a  fiber 
can  be  determined  by  monitoring  the  applied  force  and  the  loop  diameter  (see  mechanical  properties  section). 

Figure  1 1  shows  the  AS/Sq  —  a  result  with  a  fitted  line.  In  a  loop  test,  a  compressive  stress  is  exerted  on 
the  inner  portion  of  the  loop.  The  increase  in  the  noise  is  consistent  with  a  gradual  compressive  failure  of  the  fibers 
with  a  buckling  effect.  The  fact  that  a  variation  in  the  noise  is  observed  with  stress  in  a  loop  test  ini  cates  that 
considerable  structural  change  occurs  during  this  Sinclair  loop  test.  A  comparison  of  the  noise  result  with  the  tensile 
strain  data  shown  in  Fig.  8  for  the  ex  -PAN  fibers  show  some  interesting  observations.  Increasing  noise  with  stress 
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is  seen  in  both,  consistent  with  increasing  microstructural  failure.  There  are  three  orders  of  magnitude  reduction 
in  AS/S0  for  the  compressed  sample  compared  to  the  tensile  strained  one.  The  insert  in  Fig.  1 1  shows  the  stresses 
involved  in  a  Sinclair  loop  test.  The  compressive  stress,  <rc,  in  the  inner  portion  of  the  fiber  is  contributing  to  the 
catastrophic  failure  of  the  fiber.  Since  the  ex -PAN  fiber  has  a  turbostratic  microstructure  compared  to  the  tree 
ring  morphology  of  the  vapor  grown  fibers,  it  is  important  to  repeat  this  experiment  on  a  CCVD  fiber.  The  layered 
structure  may  show  a  burst  of  noise  as  the  rings  fracture. 

VI,  CONCLUSION 

A  low  frequency  electrical  noise  in  carbon  fiber  research  project  has  been  initiated  by  this  group.  It  has  been 
shown  by  a  set  of  experiments  that  this  technique  is  an  extremely  useful  and  powerful  tool  to  examine  and  diagnose 
carbon  fibers.  Manifestation  of  a  conductivity  fluctuation,  noise  was  found  to  have  a  strong  dependence  on  the 
degree  of  crystallinity  of  carbon  fibers.  A  strong  temperature  dependent  noise  in  these  fibers  is  indicative  of 
combination  of  different  electronic  type  mechanisms.  The  mechanical  properties  of  these  fibers  have  been  coupled 
to  the  noise  data  to  show  a  direct  correlation.  Further  work  is  planned.  A  diagnosis  of  the  high  temperature 
oxidation  problem  in  carbon— carbon  composite  using  electrical  noise. 

VII.  PROSPECTS  FOR  THE  APPLICATION  OF  ELECTRICAL  NOISE 
TO  CARBON-CARBON  COMPOSITES 

The  success  of  this  noise  technique  in  carbon  fibers  needs  to  be  fully  exploited.  Electrical  noise  in  all  carbon 
fibers  employed  in  composites  is  required.  Correlation  of  the  results  to  mechanical  properties  are  important  to 
establish  unusual  trends.  The  effect  of  high  heat  treatment  on  carbon  fibers  was  shown  to  improve  the 
microstructure  of  carbon  fibers,  noise  can  now  be  used  as  an  independent  technique  to  serve  this  need.  The  effect 
of  coatings  on  carbon  fibers,  for  composite  applications,  can  be  readily  examined  by  noise  since  interfacial  type 
details  are  obtained  by  noise. 
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Fig.  1  A  schematic  diagram  of  a  mono-filament  fiber  mount  for  four  point  electrical 

measurements  with  simultaneous  application  of  tensile  stress.  The  nylon  is  severed  by 
hot  soldering  iron  prior  to  measurements. 


Fig.  2  A  block  diagram  for  stress  dependent  1/f  noise  measurements  in  carbon  fibers. 
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Sn(at  22.5Hz) 


Fig.  5  Measured  slope  of  noise-frequency  spectra  with  temperature  for  the  samples. 
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Fig.  6  Noise  at  22.5  Hz  for  three  samples  at  varying  temperatures 
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lines  are  least  square’s  fit  to  the  data. 
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Fig.  8  Stress  dependent  noise  (at  35Hz)  change  in  low  and  high  modulus  ex-PAN  fiber. 
Fig.  9  Stress  dependent  noise  (at  35Hz)  change  in  as-grown  and  annealed  CCVD  fibers, 


Fig.  10  Sample  holder  for  a  Sinclair  loop  compressive  test  of  a  mono  filament  with  the 
capability  of  detecting  electrical  noise  using  four  point  probe. 


Fig.  11  AS/S  vs.  stress  for  Celion  3000  low  modulus  ex-PAN  fiber  obtained  during  a  loop 
test.  The  insert  shows  the  fracture  and  stresses  involved  in  a  loop  test  of  a  carbon 
fiber. 


2.  MECHANICAL  PROPERTIES 


A.  Diameter  dependent  E>,  of  vapor  grown  carbon  fiber 
from  tensile  test 

B.  Loop  testing  of  vapor  deposited  carbon  fibers 

C.  Torsional  modulus  of  Vapor-grown  fibers 

D.  New  Piezoresistance  of  Carbon  fibers 

A.  DIAMETER  DEPENDENT  Ev  OF  VAPOR  GROWN  CARBON  FIBER  FROM  TENSILE  TEST 

One  of  the  most  important  parameters  in  characterizing  a  fiber  is  it’s  Young’s  modulus.  In  this  report,  a 
simple  yet  accurate  tensile  test  has  been  developed  specifically  for  single  fiber  stress-strain  profiling  of  vapor  grown 
carbon  fibers.  The  set  up  allows  for  repeated  stress-strain  profiling  on  a  single  fiber.  A  diameter  dependent  Young’s 
modulus  of  these  CVD  fibers  is  presented.  Our  results  have  been  compared  to  those  reported  elsewhere"1. 

I.  Experimental 

Our  apparatus  is  an  inexpensive  yet  sensitive  instrument  for  quantitative  measurement  of  small  linear 
displacement.  The  heart  of  the  instrument  is  a  Linear  Variable  Differential  Transformer  (LVDT)  carrying  a 
resolution  of  2  microns.  Such  a  resolution  was  achieved  by  lock-in  amplifier  techniques.  Details  of  the  vapor 
grown  carbon  fibers  can  be  found  elsewhere121.  Direct  fiber  handling  was  minimized  by  using  small  pieces  of  sticky 
tape  to  extract  a  fiber  from  the  tow.  The  fiber  was  mounted  on  an  insulating  mylar  sample  holder  shown  in  Fig. 
I.  Adhesion  of  the  fiber  to  the  sample  holder  was  a  two-stage  process.  Firstly,  a  drop  of  silver  epoxy  was  applied 
to  each  end  of  the  sample  holder;  the  fiber  was  then  laid  in.  After  five  minutes  of  curing  at  a  temperature  of  150 
°C,  one  drop  of  standard  5-minute  epoxy  was  applied  additionally  over  the  silver  epoxy  at  each  fiber  end  and 
allowed  to  cure.  This  two  stage  process  ensures  that  the  fiber  was  mechanically  bound  to  the  sample  holder  without 
any  adverse  effect  on  the  fiber  which  may  result  in  cases  where  clamping  techniques  are  used  to  hold  the  fibers. 

The  lower  end  of  the  fiber  is  fixed  to  a  "floating"  stage  of  the  sample  holder.  This  floating  stage  is 
temporarily  secured  by  two  nylon  wires  parallel  to  the  fiber.  Prior  to  measurements  the  nylon  wires  were  severed 
by  a  soldering  iron.  A  hook  system  was  employed  to  attach  the  LVDT  element  to  the  lower  portion  of  the  sample 
holder.  Measurement  of  initial  fiber  length  was  made,  using  a  travelling  microscope,  to  an  accuracy  of  ±  0. 1  mm. 
Tensile  stress  was  applied  electromagnetically,  also  sown  in  Fig.l.  Calibration  of  the  electromagnet  was  obtained 
on  a  Chainomatic  balance  with  the  LVDT  attached  to  simulate  the  measuring  condition.  In  lieu  of  a  cross-head- 
speed  parameter  so  often  referred  to  with  the  celebrated  Instron  instrument,  we  used  a  ramp  generator  which  linearly 
increased  the  current  to  the  solenoid,  thus  increasing  the  load  to  the  fiber  at  a  consistent  rate. 

Vertical  displacement  of  the  fiber  was  monitored  by  measuring  the  induced  voltage  across  the  LVDT 
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windings  with  a  lock-in  type  detection.  A  second  LVDT  can  be  inserted  on  to  the  top  portion  of  the  mount  enabling 
a  differential  lock-in  analysis  and  also  removing  any  drifts  due  to  the  fixed  portion  of  the  sample  holder.  Automatic 
data  acquisition  was  employed  to  collect  and  analyze  the  Young’s  modulus  value.  A  block  diagram  of  the  set  up 
is  shown  in  Fig.  2.  Calibration  of  the  instrument  was  carried  out  using  a  low  modulus  (~225  GPa)  Celion  3000 
ex-PAN  fiber. 

II.Results  and  Discussion 

Typical  stress-strain  data  for  three  as-grown  CCVD  carbon  fibers  are  shown  in  Fig.3.  All  the  measurements 
were  made  at  room  temperature.  Measurements  v/ere  carried  out  on  as-grown  samples  of  different  diameters.  The 
insert  in  the  figure  shows  the  stress-strain  curve  for  Celion  3000  ex-PAN  fiber.  In  agreement  with  other  reports, 
a  linear  stress-strain  relation  was  observed  for  the  PAN  fiber.  The  value  of  Young’s  modulus  determined  for  such 
a  curve  was  225  ±15  GPa. 

Results  of  the  diameter  dependent  Young’s  modulus  of  vapor  grown  carbon  fibers  is  shown  in  Fig.4.  For 
comparison,  the  Young’s  modulus  measured  for  the  low  modulus  ex-PAN  fiber  is  also  shown.  The  shaded  region 
represents  the  range  of  values  obtained  by  Tibbets.  This  shows  that  a  fairly  large  variation  in  the  Young’s  modulus 
is  possible  for  a  given  size  fiber.  The  results  obtained  here  are  in  good  agreement  for  smaller  diameter  fibers. 
However,  a  somewhat  smaller  Young’s  modulus  was  measured  for  the  larger  fibers.  This  is  possible  from  the  fact 
that  our  moduli  were  determined  from  low  stress  data.  The  general  trend  of  decreasing  Young’s  moduli  with 
increasing  diameter  was  attributed  to  less  developed  layers.  This  is  related  directly  to  the  growth  parameters  of  the 
fibers,  specifically  a  higher  growth  rate  leading  to  less  developed  layers.  The  decreasing  tensile  strength  in  these 
fibers  is  dependent  on  the  probability  of  finding  a  critical  flaw,  which  increases  with  size/volume  of  the  fiber. 

Vapor  grown  carbon  fibers  have  a  common  microstructure  that  can  be  described  by  a  tree  ring  morphology 
since  concentric  graphene  layers  parallel  to  the  fiber  axis  make  up  the  fiber.  In  contrast  to  the  PAN  fibers,  the 
central  core  of  the  CCVD  fiber  can  be  hollow131.  The  as-grown  CCVD  fibers  appear  to  have  a  compact,  cohesive 
structure  with  ~  1/xm  thick  rings.  It  has  been  reported  that121  multiple  fiber  microstructure  are  possible  on  what 
appears  to  be  a  single  fiber  along  the  length  of  the  fiber.  However,  without  SEM  micrographs,  it  is  difficult  from 
optical  microscopy  alone  to  successfully  isolate  a  perfectly  single  fiber. 

Two  models  have  been  discussed  elsewhere111  to  account  for  the  diameter  dependent  Young’s  modulus  of 
vapor  grown  carbon  fibers.  A  uniform  stress  model  involving  elastic  compliance  of  single  graphite  crystal  and  the 
azimuthal  half-width  of  the  (002)  x-ray  diffraction  peak.  An  increasing  dispersion  is  shown111  for  increasing 
diameters,  however,  in  the  range  of  interest  here,  there  is  no  change  in  the  dispersion  from  x-ray  diffraction.  An 
elastic  unwrinkling  model  involving  x-ray  diffraction  parameters  and  weighted  misorientation  of  basal  planes  is  more 
realistic  in  attempting  to  quantitatively  explain  the  size  dependent  Young’s  modulus  of  CCVD  fibers.  However, 
without  structural  information  in  situ  to  tensile  testing  no  firm  conclusion  can  be  made  in  distinguishing  the  models 
for  the  range  of  diameters  of  fibers  studied  here. 

Heat  treatment  of  CCVD  carbon  fibers  has  profound  effects  on  their  properties141.  In  fact  one  of  the  attractions 
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of  CCVD  fibers  is  their  ability  to  almost  completely  be  graphitized  by  high  temperature  annealing.  It  has  been 
shown121  that  annealing  temperatures  of  about  2900°C  will  crack  and  separate  some  of  the  rings  of  the  CCVD  fibers, 
however,  the  fiber  is  highly  graphitic,  as  shown  by  x-ray  diffraction.  This  separation  of  the  rings  can  act  as 
different  entities  in  a  fiber.  A  typical  result  of  a  tensile  test  on  an  annealed  CCVD  fiber  is  shown  in  Fig.  5.  It  is 
apparent,  from  the  stair  like  behavior  of  the  spectrum,  that  annealing  has  in  fact  effectively  separated  the  rings. 
The  positive  slopes  are  seen  to  increase  with  applied  stress  indicative  of  smaller  diameter  fibers.  The  first  step  in 
the  spectrum  represents  the  outer  group  or  groups  of  rings;  the  second  step  represents  the  next  innermost  rings,  and 
so  on.  The  negative  slope  is  indicative  of  recoil  effects  in  the  fiber.  Whenever  an  outer  ring  or  set  of  rings  fail, 
the  inner  portion  of  the  fibei  elastically  recoils.  A  careful  study  of  this  behavior  may  lead  to  the  determination  of 
the  separation  ratio  for  a  given  diameter  of  annealed  CCVD  fiber.  Also  a  study  of  annealed  fibers  with  known 
numbers  of  rings  may  lead  to  a  better  correlation  between  the  Young’s  modulus  of  the  steps  and  of  the  whole  fiber. 
From  this  result,  it  is  difficult  to  ascertain  an  average  Young’s  modulus  of  the  whole  annealed  fiber. 

The  above  result  of  stair  step  a-e  behavior  is  different  to  that  described151  as  a  "sword-in-sheath"  effect.  In  the 
latter  case  it  was  postulated  that  a  surface  crack  propagates  inward  before  circumferential  fracturing  of  the  ring. 
The  large  stress  is  suddenly  transferred  to  an  effectively  thinner  fiber  resulting  in  a  different  slope  of  a-e  curve. 
Further  stress  will  repeat  the  process  of  cracking  and  fracturing  at  some  small  distance  away  from  the  first  failure. 
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Fig.  1  A  schematic  representation  of  the  sample  holder  designed  for  determining  stress-strain 
profiling  of  mono-filament  of  carbon. 


FIBER 


Fig.  2  A  block  diagram  of  the  Young’s  modulus  apparatus  utilizing  LVDT.  The  tensile 
loading  is  achieved  through  an  electromagnet. 
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Fig.  3  Typical  stress-strain  profiles  of  three  different  diameter  CCVD  as-grown  carbon 
fibers.  The  inset  shows  the  linear  profile  of  a  iow  modulus  (Celion  3000)  ex-PAN 
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Fig.  4  Diameter  dependent  Young’s  modulus,  By,  for  CCVD  carbon  fibers  (as-grown).  The 
shaded  region  represents  Tibbet  et  al  [1987]  results.  The  measured  Ey  for  the  ex-PAN 
fiber  is  shown  by  ■  for  comparison. 
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Fig.  5  Typical  stress-strain  profile  of  an  annealed  CCVD  carbon  fibers  obtained  on  a 

continuous  loading.  The  stair-step  like  behavior  is  due  to  the  annular  morphology  (see 
text). 
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B. 


LOOP  TESTING  OF  VAPOR  DEPOSITED  CARBON  FIBERS 


Background 

There  appears  to  be  no  diameter  dependent  tensil  s  testing  of  the  vapor  grown  carbon  fibers  (CCVD)  using 
a  loop  (or  Sinclair)  test.  Whereas  a  conventional  stress-strain  profiling  is  determined  via  instron  type  set  up,  the 
loop  test  is  an  important  technique  for  the  CCVD  fibers  because  of  the  different  microstructure  of  these  fiber. 
CCVD  fibers  have  an  annular  structure  (like  a  series  of  expanding  concentric  tree-rings)  which  provides  them  with 
greater  normal  axial  strength  than  other  pitch-type  fibersfl].  In  fact  Tibbet  et  al.,[l]  noted  that  this  graphitic 
structure  is  now  superior  to  any  other  fibers  known. 

It  is  widely  accepted  from  tensile  tests  that  both  Young’s  modulus  (Ey)  and  the  fiber’s  tensile  strength  are 
diameter  dependent  (i.e  as  fiber's  diameter  increases,  both  Ey  and  tensile  strength  decreases).  Several  mechanisms 
have  been  proposed  to  explain  this  relationship;  for  c  tample,  Wicks  et  al.,  [2]  suggested  that  layer  misorientation 
increases  as  diameter  increases,  Tibbet  et  al. ,[3K  believed  that  this  dependence  is  due  to  non-uniform  carbon 
deposition  rates  along  the  fiber  length,  and  Yetter  et  al.,[4]  discussed  the  increased  crystallite  misalignment  due  to 
greater  pyrolytic  deposit  disorder  which  occurs  at  higher  diameters,  as  well  as  noted  that  a  larger  cross-sectional 
area  can  also  contain  a  greater  number  of  strength  limiting  flaws.  Bennett  et  al.,[5]  reported  that  the  gauge-length 
is  related  to  both  Ey  and  tensile  strength  since  the  number  of  flaws  increases  with  length.  Finally,  much  has  also 
been  written  about  differences  in  mechanical  properties  between  fibers  coming  from  a  given  batch[4]  and  especially 
about  the  much  wider  differences  in  fiber  properties  coming  from  different  batches  of  otherwise  similar  fabricated 
fibers[6]. 

In  this  experiment  we  wish  to  determine  Ey  as  a  function  of  fiber  diameter  (d)  for  CCVD  as-grown  fibers; 
additionally,  we  wish  to  minimize  any  effects  the  above  variables  would  introduce  to  our  results,  therefore,  we  only 
tested  fibers  that  came  from  a  single  batch  to  remove  the  variability  that  is  inherent  of  testing  fibers  coming  from 
different  batches.  We  also  removed  the  fiber  gauge-length  dependency  by  applying  compressive  stress  to  a  small 
portion  of  the  fiber  rather  than  subjecting  the  entire  fiber  to  a  tensile  test.  We  did  this  by  testing  our  samples  using 
Sinclair’s  loop  test[7].  Since  this  test  only  measures  Ey  for  small  portions  of  the  fiber,  it  greatly  lowers  the 
probability  of  measuring  an  artificially  lowered  Ey  due  to  significant  flaws  within  the  fibers  total  length[7].  Thome 
[8]  noted  that  the  loop  test  is  insensitive  to  well-spaced  but  severe  flaws;  therefore,  it  provides  an  idea  of  the 
intrinsic  breaking  strain  between  severe  stress-raising  discontinuities. 

Experimental 

CCVD  fibers  (~6-18/zm  )  were  tested  using  a  modified  version  of  a  Sinclair’s  loop  technique[7].  The 
apparatus  used  to  apply  force  was  a  Chainomatic  balance  and  test  weights  applied  were  one  mg  increments  with  the 
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scale  being  rebalanced  after  each  increment.  All  loop  diameters  (D)  were  taken  with  a  traveling  microscope  which 
had  an  accuracy  of  ±5/im.  Each  sample  was  mounted  following  a  procedure  similar  to  William’ s[9].  Fig.  1  shows 
the  sample  configuration.  One  sample  end  was  glued  (with  5min  epoxy)  to  a  small  hook  assembly.  The  loop  was 
then  formed  between  a  glass  slide  and  a  cover  slide,  and  the  other  end  was  similarly  glued,  beneath  the  loop,  to  the 
slide.  The  cover  slide  kept  the  fiber  from  flipping  up  as  it  attempted  to  uncoil  as  noted  by  Tome[8].  A  50/im  wire 
was  placed  on  each  side  of  the  loop,  between  the  slide  and  cover  slide,  to  reduce  any  friction  between  the  fiber 
and  glass  thus  ensuring  the  fiber’s  free  movement  during  testing.  Using  capillary  action,  glycerol  was  also  allowed 
to  seep  between  the  slides  to  aid  in  fiber  lubrication.  Two  nylon  threads  were  also  initially  attached  between  the 
slide  and  hook  assembly  to  provide  support  to  the  .ample  while  it  was  being  loaded  into  the  Chinomatic  balance, 
these  were  then  cut  with  a  hot  soldering  iron  immediately  prior  to  testing. 

Loop  formation  initially  proved  to  be  quite  difficult;  either  the  loop  would  flip  up  or  the  fiber  simply  broke. 
A  successful  technique  was  found  that  involved  the  formation  of  the  fiber  loop  around  a  small  cylinder  or  pin  that 
could  be  held  down  by  a  magnet.  After  the  loop  was  made  and  secured,  the  pin  was  carefully  removed  while  the 
cover  slide  was  placed  over  the  loop.  The  inset  in  Fig.  1  shows  our  technique  of  employing  a  small  pin  to  assist 
in  the  fiber  loop  formation. 

Important  Results  and  Discussion 

The  Young’s  modulus  can  be  determined  from  a  stress-strain  profile.  In  a  single  fiber  loop  test  the  stress( 
(r )  •rnd  strain  (  e  )  are  given  [7]  by  . 


16^(3. 75D)  4  d 

ltd3  (3.75  D) 

where  W,  D,  and  d  are  applied  force,  loop  diameter,  and  the  fiber  diameter  respectively.  Typical  stress-strain 
profile  is  shown  in  Fig.  2  for  a  CCVD  fiber  with  16.8/tm  diameter.  The  elastic  range  is  usually  a  small  linear 
portion  of  the  curve  while  the  in-elastic  behavior  is  normally  seen  as  a  bowing  leading  to  fiber  failure.  The 
Young’s  modulus  was  determined  from  the  linear  portion  of  the  curve  for  fibers  with  varying  diameters.  We  must 
state  that  these  fibers  were  chosen  from  a  single  batch  only. 

The  diameter  dependent  Young’s  modulus  data  for  CCVD  carbon  fibers  is  shown  in  Fig.  3.  Our  results 
are  shown  by  the  data  points  while  the  shaded  region  represents  typical  results  reported  by  others[3,4,l0].  We 
notice  a  seemingly  underlying  order  to  the  pattern  of  our  data.  A  sawtootb-type  pattern  of  first  decreasing  and  then 
small  increasing  Ey  values  were  found  to  exist.  Ey  was  seen  to  decrease  for  5<d<10/im  and  increase  for 
1 0  <  d  <  20/tm  fibers.  Due  to  the  increasingly  brittle  nature  of  the  thicker(  >  18  fim )  CCVD  fibers,  we  were  unable 
to  make  a  loop  in  the  thicker  CCVD  fibers  without  breaking.  However,  tensile  testing  by  Tibbet’s  et  al.,  [10] 
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showed  data  for  fibers  in  excess  of  30jtm.  We  believe  that  their  data  not  only  shows  our  single  tooth’s  wave  but 
possibly  two  other  waves  additionally.  Therefore,  our  study  for  the  first  time,  on  a  single  batch  of  fibers  ranging 
from  5  to  20/tm,  has  shown  a  detailed  behavior  previously  unseen  or  masked  by  large  numbers  of  measurements. 

A  Matthiessen’s  type  of  relation  may  explain  the  diameter  dependent  Ey  seen  in  the  CCVD  carbon  fibers. 
{Ey  =  l/(  £ya,/E,)}  where  a,  would  most  likely  converge  to  give  the  general  dependence  reported.  It  is  generally 
accepted  that  increasing  fiber  size  leads  to  an  increased  probability  of  detecting  a  flaw  pausing  reduced  fiber 
strength).  However,  this  argument  can  not  hold  for  the  observed  decrease  in  Ey  with  fiber  size.  A  deterioration 
of  the  outer  layers  of  the  CCVD  fiber  would  cause  a  decrease  in  Ey.  This  is  directly  related  to  the  growth  or 
deposition  rate.  A  test  of  this  would  be  to  control  the  growth  rate  that  follows  the  dEy/dd  curve,  and  then  re¬ 
examine  ihe  diameter  dependent  Ey.  This  may  lead  to  a  more  uniform  deposition  of  fibers. 

Our  results  also  imply  that  separating  entities  may  exist  within  the  larger  CCVD  fibers.  Such  range  or 
number  of  entities  can  be  determined  from  the  steps  in  the  Ey-d  behavior.  This,  to  some  degree,  has  been 
suggested  where  at  low  stresses  the  fiber  bends  like  a  single  fiber  however,  at  higher  stress  (for  thicker  fibers)  there 
is  a  separation  of  the  layers,  and  non-uniform  fracture  leads  to  buckling.  Scanning  Electron  Micrographs  of  the 
fibers  were  examined.  A  typical  fracture  is  shown  in  Fig.  4.  In  agreement  with  other  reports[ll],  the  tensile  side 
is  rough  while  the  smooth  side  corresponds  to  the  compressive  portion  of  the  looped  fiber.  It  is  the  tensile  stress 
that  leads  to  fiber  failure  in  these  bending  tests. 

Flexural  properties  were  also  determined  from  the  loop  tests.  Fig.  5  summarizes  the  results.  Critical 
condition  is  defined  as  when  the  fiber  breaks,  (a)  A  decrease  in  the  critical  or  tensile  strength  of  the  CCVD  fibers 
with  increasing  diameter  is  agreement  with  tensile  test  results,  (b)  no  obvious  trend  in  the  breaking  or  critical  strain, 
is  noted  as  fiber  size  increases  but  (c)  there  is  an  increase  in  the  critical  loop  diameter  as  the  fiber  size  increases. 
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STRAIN 


Fig.  2  Typical  stress-strain  curve  for  one  CCVD  sample  of  16.8/xm  diameter. 


Fig.  3  Diameter  dependent  Young’s  modulus  for  CCVD  (as-grown)  carbon  fibers.  The 
shaded  region  represents  other  reported  results.  The  linear  fits  to  our  data  were 
obtained  by  least  square’s  fit. 
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Fig.  4  A  typical  SEM  micrograph  of  a  CCVD  fiber  undergone  a  loop  test  failure. 
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FLEXURAL  STRENGTH 
OF  CCVD  FIBERS 
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Fig.  5  Critical  parameters  determined  during  loop  testing  of  CCVD  carbon  fibers,  (a)  loop 
diameter,  (b)  maximum  strain,  and  (c)  tensile  strength. 
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TORSIONAL  MODULUS  OF  VAPOR  GROWN  CARBON  FIBERS 


Torsional  modulus  (G)  is  more  complex  because  of  its  dependence  on  the  azimuthal  arrangement  of  graphene 
planes  as  well  as  the  misorientation  along  the  fiber  axis.  To  date,  no  theoretical  model  has  been  proposed  on  the 
calculation  of  the  torsional  modulus  of  carbon  fibers.  However,  there  is  some  speculation  that  G  =  ~  4  GPa 

for  fiber  with  radial  structure  and  G  =  (C„  -  Cl2)/2  ~  440  GPa1'1  for  highly  ordered  CCVD  fibers  with  perfectly 
faceted  morphology.  Measured  values  of  G  vary  from  17  to  28  GPa  for  ex-PAN  fibers121,  between  10  and  15  GPa 
for  ex-rayon  fibers131,  and  from  9  to  13  GPa  for  ex-mesophase  pitch  fibers141. 

In  this  report,  we  report  the  first  experimental  results  of  torsional  modulus  of  both  as-grown  and  annealed 
CCVD  fibers  measured  using  a  torsion  pendulum.  Measurements  on  fibers  with  different  diameter  and  under  varying 
stress  were  conducted.  It  is  found  that  G  is  both  stress  and  size  dependent.  The  zero-stress  value  of  G  is  105  ±  5 
for  the  smallest  available  (diameter  ~  5.4  /rm)  as-grown  fiber  and  only  36  ±  3  GPa  for  16.2  pm  diameter  fiber. 
For  annealed  CCVD  fibers,  it  is  200  ±  10  for  8.4  pm  to  105  ±  5  GPa  for  14.4  pm.  These  values  are  significantly 
higher  than  those  of  other  types  of  fibers.  They  are  believed  to  be  the  results  of  the  unique  morphology  and  the 
relatively  higher  degree  of  graphitization  in  CCVD  fibers. 

I.  Experiment 

The  torsion  pendulum,  illustrated  in  Fig.  1,  consists  of  the  suspended  carbon  fiber  and  a  brass  disk  attached 
to  the  middle.  The  disk  provides  the  momentum  of  inertia  for  torsional  oscillation  and  also  serves  as  an  electrode 
for  the  electrostatic  driving  system.  The  excitation  vanes  are  a  pair  of  copper  sheets.  The  electrical  circuitry  is  also 
shown  in  Fig.  1.  When  voltage  is  applied  between  the  disk  and  the  vanes,  the  electrostatic  force  produces  the 
necessary  torque  to  initiate  the  toi  ;"nal  oscillation.  Conducting  silver  epoxy  was  used  because  it  is  adhesive  and 
can  provide  electrical  contact  between  the  carbon  fiber  and  the  brass  disk.  It  was  also  employed  to  attach  the  fiber 
to  the  two  glass  slides.  Stress  was  applied  attaching  weights  to  the  lower  glass  slid  via  h> 

The  oscillation  period  was  measured  by  reflecting  a  very  low  power  laser  beam  off  the  brass  disk.  To 
minimize  the  air  damping,  the  pendulum  was  kept  in  vacuum  of  typically  10'3  torn 

The  torsional  modulus  G  of  a  piece  of  fiber  with  radius  a  and  length  L  is  related  to  the  oscillation  period 

Tby: 

g_  2%IL 

aATZ 


where  I  =  Mri/4  is  the  momentum  of  inertia  of  the  brass  disc  with  mass  M  and  radius  r. 

The  oscillation  period  was  measured  for  each  fiber  under  varying  stress.  Extreme  care  was  taken  to  avoid 
external  vibrations  that  might  affect  the  measurements. 
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II.  Results  and  Discussion 


The  stress  dependent  torsional  moduli  are  shown  in  Fig. 2.  In  all  the  samples,  linear  relationship  was 
observed  within  the  limit  of  error.  The  torsional  modulus  of  an  ex-PAN  (celion  3000)  was  also  measured  and  plotted 
in  Fig.2  for  comparison.  The  most  important  difference  is  that  the  G  values  of  CCVD  fibers  are  much  higher  than 
that  of  ex-PAN  fiber.  As-grown  CCVD  fibers  have  torsional  moduli  ranging  from  36  to  105  GPa  while  ex-PAN 
has  G  of  22  GPa  (in  good  agreement  with  values  reported  elsewhere  of  ex-PAN  fibers121).  Annealed  CCVD  fibers 
have  even  higher  torsional  moduli  ranging  from  105  to  200  GPa. 

These  unusually  high  values  of  torsional  modulus  of  CCVD  fibers  are  not  totally  surprising.  As  discussed 
by  Dresselhaus  et  al151,  G  depends  on  the  azimuthal  arrangement  of  the  carbon  ribbons.  In  CCVD  fibers,  the  carbon 
ribbons  are  arranged  in  a  circular  fashion161  as  a  result  of  growth  process.  In  this  scroll-type  structure,  the  strong 
in-layer  c-c  bond  is  responsible  for  this  high  torsional  modulus  of  CCVD  fibers.  It  ensembles  the  shear  modulus 
of  an  individual  layer  of  graphite  where  G  =  (C„  -  Cl2)/2  =  440  GPa171.  Obviously,  CCVD  as-grown  fibers  are 
not  close  to  complete  graphitization.  Their  elastic  stiffness  constants  are  probably  smaller  than  those  of  graphite. 
Besides,  the  misorientation  of  the  graphene  planes  with  the  fiber  axis  also  has  effect  on  the  torsional  modulus. 
Taking  into  consideration  the  factors  mentioned  above,  the  torsional  moduli  of  as-grown  CCVD  fibers  are  therefore 
smaller  than  440  GPa  of  graphite.  On  the  other  hand,  the  annealed  CCVD  fibers  have  even  higher  torsional  moduli 
than  those  of  the  as-grown  fibers  because  heat  treatment  (above  3000  °C)  improves  the  inter-layer  correlation  and 
increases  graphitization  of  the  fibers.  The  increases  crystallite  ordering  due  to  annealing  probably  also  increases 
the  elastic  stiffness  constants. 

G  also  exhibits  stronger  stress  dependence  for  CCVD  fibers,  shown  in  Fig.2.  Variations  of  more  than  70% 
for  annealed  fibers  and  more  than  100%  for  as-grown  fibers  are  observed  compared  to  only  about  20%  for  the  ex- 
PAN  fiber.  The  increase  of  torsional  modulus  with  stress  is  probably  due  to  the  improvement  of  preferred 
orientation  of  graphene  planes  in  the  fibers  by  the  increase  of  strain  as  suggested  by  Curtis  et  af81.  A  similar  strong 
"strain  stiffening"  phenomenon  was  also  observed  in  Young’s  modulus  measurement  of  CCVD  fibers  by  Tibbetts 
et  al(9),[l0). 

Another  feature  is  the  size  dependence  of  G  for  CCVD  fibers.  Shown  in  Fig.3  is  the  extrapolated  zero-stress 
G  values  of  as-grown  and  annealed  fibers  versus  fiber  diameter.  The  thinner  fibers  have  higher  values  of  torsional 
modulus.  G  is  105  ±  5  GPa  for  the  smallest  diameter  available  ( —  5.4  fim)  as-grown  fiber.  It  reduces  to  36  ±  3 
GPa  for  16.2  pun  diameter  fiber.  For  annealed  CCVD  fibers,  G  reduces  from  200  ±  10  to  105  ±  5  GPa  for 
diameter  increasing  from  8.4  to  14.4  jtm.  This  reduction  of  G  with  increasing  fiber  diameter  is  related  to  the  degree 
of  graphitization  of  different  diameter  fibers  as  the  results  of  different  deposition  rates.  X-ray  diffraction  revealed 
that  thinner  fibers  have  higher  graphitic  ordering  and  better  preferred  orientation'91.  This  also  explains  why  the 
"strain  stiffening"  phenomenon  is  less  profound  for  thinner  fibers  as  seen  in  Fig.2. 
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Fig.  1  A  schematic  diagram  of  a  torsional  modulus,  G,  apparatus  for  mono  filament  of 

carbon.  The  torque  is  applied  electrostatically.  The  pendulum  is  maintained  at  10'3torr 
vacuum  for  G  measurement.  The  fiber  can  be  tensile  strained  simultaneously. 
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Fig.  2  Stress  dependent  torsional  modulus  of  as-grown  and  annealed(>2500°C)  CCVD  fibers 
of  different  diameters.  Results  of  measurements  on  a  low  modulus  ex-PAN  fiber  is 
shown  for  comparison,  The  lines  are  least  square’s  fitted. 
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Fig.  3  Diameter  dependent  torsional  modulus,  G,  of  CCVD  as-grown  and  annealed  fibers. 
As  with  Young’s  modulus,  G  also  decreases  with  fiber  diameter.  The  dependence  is 
higher  for  the  annealed/graphitized  fibers.  These  values  of  G  are  larger  than  any 
previously  reported  for  these  CCVD  samples. 
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D. 


PIEZORESISTANCE  OF  CARBON  FIBERS 


I.  Piezoresistance  of  Different  Carbon  Fibers 

Professor  Ian  L.  Spain  in-conjunction  with  Celanese  research  company  performed  electromechanical  tests 
on  a  number  of  carbon  fibers.  This  work  has  been  submitted  and  reviewed  for  publication,  however,  the  death  of 
Professor  Spain  has  rather  slowed  the  process  of  publication  of  this  manuscript.  This  work  will  be  published. 

It  is  important  to  give  an  account  of  the  above  research  since  the  present  study  is  directly  related.  A  copy 
of  the  manuscript  can  be  found  in  the  first  annual  report  (1989)  for  the  present  contract.  This  yet  unpublished  work 
will  be  denoted  as  PR1. 

The  piezoresistance(PR)  of  several  ex-PAN  and  ex-pitch  carbon  fibers  was  obtained  at  a  temperature  of 
300K.  The  piezoresistance  is  defined  as  the  change  in  resistance  which  occur  when  the  fiber  is  strained 
longitudinally.  The  PR  is  positive  for  poorly  graphitized  fibers  with  low  Young’s  modulus,  and  falls  to  increasingly 
negative  values  as  the  graphitization  index  and  Young’s  modulus  increases.  A  model  which  qualitatively  explains 
the  observed  trends  is  presented,  based  on  geometrical  and  electronic  contribution  to  PR. 

Typical  curves  of  PR  for  ex-PAN  fibers  are  shown  in  Fig.  1  where  both  positive  and  negative  PR  behavior 

are  observed.  Experimental  results  show  that  the  PR  only  tends  to  be  positive  for  low  modulus  fibers,  and  is 

negative  for  those  with  high  modulus.  This  is  the  case  for  ex -PAN  and  ex-mesophase  pitch  and  CCVD  fibers  (Endo 
and  Koyama,  1979,  1980).  Oiese  effects  are  reversible  for  moderate  loadings,  and  this  is  the  range  of  interest  for 
the  present  study. 

At  a  glance  only  the  positive  PR  can  be  explained  in  terms  of  geometrical  effects.  Other  explanations  for 

the  change  in  the  resistance  can  be  related  to  the  inter-particle  contacts(Fishbach  et  al.,  1980),  changes  of  the 

orientation  of  the  fibers  under  stress  (curtis  et  al.,  1968),  or  electronic  effects  (Goldberg,  1985).  In  order  to 
separate  these  effects  it  is  necessary  to  consider  the  structure  of  the  fibers,  the  relationship  of  the  structure  to  the 
elastic  behavior,  and  then  calculate  the  PR  using  model.  This  was  basically  the  approach  adopted  in  the  paper. 
X-ray  data  were  presented  first,  allowing  the  orientation  distribution  function  and  the  graphitization  of  the  carbon 
ribbons  to  be  determined.  Since  the  elastic  moduli  of  the  fibers  examined  by  us  va> '  '.  over  a  wide  range,  our  data 
allowed  a  much  more  detailed  examination  to  be  made  of  the  relationship  betwee.*  Young’s  modulus  and 
elastic/structural  parameters  than  has  been  done  before.  Finally,  the  PR  data  were  presented  and  compared  to 
models  using  structural  and  mechanical  data. 

Detailed  discussion  of  the  results  on  the  structural  analysis  of  carbon  fibers  using  x-ray  diffraction  can  be 
found  in  PRI.  Experimental  results  showed  a  decreasing  misorientation  angle  <<p>  with  increasing  Young’s 
modulus,  Ey.  Both  the  x-ray  data  and  the  mechanical  properties  were  interpreted  by  modifying  the  Uniform  Stress 
model.  Using  this  model, 
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l  /Ey^*  (2513+s,44-2511)  <sin2<|)> 

+  (5,11+513-2S1J-S44)  <sin44» 

where  Sl}  are  elastic  compliences  (see  Kelly,  1981).  As  an  example,  for  a  perfectly  aligned  crystallites  {<j>=0 
degree) 

Ey=s£ .  1020  GPa. 

In  the  calculations,  single  crystal  values  of  S,,  >  ^12.  S33,  and  the  Gaussion  form  for  P(^)  were  used(see  PR1).  The 
calculated  limits  of  Ey  were  compared  with  the  measured  modulus  which  were  corrected  for  porosity  and  apparatus 
compliance. 

The  change  in  the  resistance  can  be  written  as 

&R/ R0~^L/ L0+bA/ A0+6p/ p  0 

where  L  is  the  length,  A  the  area,  and  p  the  resistivity.  Using  the  notation  in  PR1,  this  can  be  written: 

bR/ J?o=e2/2/-ve2/2,+  ^P/ P  o* 


Dividing  by  e2.2.  gives  the  PR/strain: 


PR 

e 


1 

®2'2' 


= (l-y) + 


l 

e2'2' 


_fi£ 

Pc 


Results  of  the  PR  on  low  modulus  fibers  showing  positive  behavior  can  be  explained  generally  by  the  change 
in  the  geometry  of  the  fiber.  As  the  modulus  increases  the  PR  shows  a  negative  behavior.  Since  geometrical  effects 
can  not  explain  these  negative  PR  results,  other  effects  are  required.  Models  involving  the  unwrinkling  of  the 
ribbons,  inter-particle  contact,  and  boundary  scattering  may  lead  to  small  refinement  of  the  positive  PR,  but  they 
are  insufficient  to  explain  the  experimental  PR  results. 

For  these  reasons  Goldberg[1985]  proposed  that  the  resistivity  changes  in  the  PR  could  be  understood  in 
terms  of  electron  density  changes.  The  electron  density  changes  occur  because,  as  is  well  known,  straining  the  fiber 
pushes  the  graphite  basal  planes  closer  together,  so  that  the  carrier  density  increases.  For  this  effect  to  be 
applicable,  it  is  necessary  for  the  fiber  to  have  3D  ordered  graphite  and  not  be  completely  turbostratic.  The  increase 
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in  3D  ordering  has  been  shown  by  Stamatoff  et  al.,  [1983]  to  occur  gradually  with  increasing  modulus.  Thus  the 
trend  towards  more  negative  PR  with  increasing  modulus  has  a  natural  qualitative  explanation  when  this  model  is 
used.  V/,  order  to  quantitatively  understand  the  data,  one  can  write  an  expression  for  the  change  in 
strain  follows: 

l£._l_=7g -J” 

P  ^2I2I  ^2,2I 


where  the  notation  and  further  definitions  can  be  found  in  PR1  and  Kelly  (1981).  q  is  a  dimensional  parameter 
which  depends  on  the  degree  of  3D  order  in  the  fiber.  It  is  expected  that  in  turbostratic  carbon,  the  electron  density 
will  not  depend  on  the  c-axis  strain  ,  and  thus  q  goes  from  0(no  3D  order)  to  l(complete  3D  order). 

The  average  compression  of  the  basal  planes  of  the  crystallites  can  be  evaluated  using  the  uniform  stress 
model,  following  the  same  technique  as  described  in  [6]  to  yield 

~-=VS13+  <533"si3>  <sin24» 

e2'2' 


Following  this  type  of  analysis,  a  plot  of  the  PR  per  unit  strain  is  shown  vs  Young’s  modulus  in  Fig.  2  along 
with  the  two  theoretical  limits  q=0  (indicated  by  2D)  and  q=l  (indicated  by  3D).  The  experimental  results  lie 
between  the  2D  and  3D  curves  when  Sl3  is  chosen  to  be  -1.8xlO'IJ/Pa. 

An  important  point  needs  to  be  addressed.  If  electronic  mechanism  plays  a  dominating  role  in  PR  of  high 
modulus  fibers,  then  the  PR  should  be  extremely  sensitive  to  temperature.  Therefore,  low  temperature  PR  of  carbon 
fibers  with  different  Young 's  modulus  was  carried  out. 

H  New  Low  Temperature  PR  in  Carbon  Fibers 

1.  Experimentation 

New  apparatus  for  monitoring  the  PR  of  carbon  fibers  at  low  temperature  was  designed  and  constructed  here 
at  CSU.  Measurements  were  performed  on  a  number  ex-PAN  fibers,  pitch  fibers,  and  CCVD  fibers.  Fig.  3  shows 
a  schematic  of  the  set  up.  Briefly  a  sample  was  attached  to  the  cold  finger  of  a  close  cycle  He  refrigerator  capable 
of  10-300K.  Isolated  by  two  shields  and  a  heat  retarding  fins,  an  electromagnet  was  also  installed  in  the  cryostat 
to  apply  the  tensile  load  to  the  sample  at  low  temperature.  PR  measurements  were  performed  first  at  300K  and  then 
at  11K. 
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2.  Results 

2A.  Ex-PAN  and  Pitch  Fibers 


The  results  of  the  temperature  dependent  PR  with  stress  in  ex-PAN  and  pitch  fibers  have  been  shown  in  Fig. 
4.  As  expected,  fibers  which  showed  positive  PR  were  temperature  independent  since  the  PR.  in  these  fibers  were 
caused  by  geometrical  effects  alone.  However,  high  modulus  fibers  such  as  GY70  and  GR21  ex-PAN  fibers  which 
showed  negative  PR  at  300K,  were  different  at  1  IK.  At  this  low  temperature  the  PR  becomes  less  negative  in  both 
samples.  P100  pitch  sample  showed  the  negative  PR  at  300K  consistent  with  Goldberg  et  al.,[4]  but  attempts  to 
measure  PR  at  1  IK  was  unsuccessful  because  of  non-ohmic  behavior.  Table  1  shows  the  types  of  fibers,  their 
diameter,  Young’s  modulus,  and  resistivities  ratio. 

TABLE  1 


Sample  and  their  parameters  used  in  the  piezoresistance  measurements. 


SAMPLE 

DIAMETER(um') 

Ey(Gfc) 

ofll/300Kl 

ex-PAN 

Celion  3000 

6.7 

230 

1.1 

GY-70 

9 

520 

1.3 

GR  21 

11.8 

690 

1.7 

ex-pitch 

P50 

10 

380 

1.2 

P75 

10.8 

500 

1.1 

P100 

9.1 

690 

# 

CCVD 

as-grown 

8.4 

-250 

1.0 

annealed 

6.3 

+ 

1.5 

+  unable  to  determine  because  of  step  like  stress-strain  behavior 
tt  non-ohmic  behavior  at  low  temperature 
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26.  CCVD  Fibers 

Measurements  on  the  as-grown  fiber  showed  positive  PR  that  was  temperature  independent  (data  not  shown). 
This  as-grown  CCVD  fiber  had  a  relatively  low  Young’s  modulus  and  temperature  insensitive  resistivity.  In 
contrast  the  annealed  CCVD  fiber  has  a  large  Young’s  modulus  and  showed  a  large  increase  in  resistivity  at  11K 
(see  Table  1).  Room  temperature  PR  was  positive,  consistent  with  Endo  et  al.,  [1980].  A  remarkable  result  is 
shown  in  Fig.  5  where  the  positive  PR  of  the  annealed  fiber  at  300K  makes  a  large  transition  to  a  negative  PR  at 
1  IK.  This  to  our  knowledge  has  never  been  observed  before. 

3.  Discussion 

It  was  stated  earlier  that  the  resistance  can  be  written  as 

A  R  AL  (  A  A  f  Ap 
R  L  A  p 


where  L,  A,  and  p  are  length,  area  and  resistivity.  The  positive  PR  observed  for  the  ex -PAN  and  pitch  fibers  can 
be  explained  by  the  geometrical  terms  alone.  This  of  course  leads  to  the  temperature  insensitivity  positive  PR. 

Goldberg  [4]  showed  that  the  most  probable  explanation  for  the  negative  PR  was  the  variation  of  electron 
density  when  the  basal  planes  were  pushed  together  by  the  applied  tensile  stress.  This  was  possible  if  there  was 
some  degree  of  3D  ordering.  From  the  above  discussion  in  I  the  change  in  resistance  can  be  re-written  as 


ae  =JLr.Mi2l 
1E  l  R 


— -l-2v] 


Since  all  the  parameters  on  the  right-hand  side  are  known  we  can  determine  qea  qea  is  the  parameter  representing 
the  change  in  the  basal  plane  separation,  therefore,  for  a  temperature  sensitive  PR,  q  must  change.  Since  q  accounts 
for  the  change  in  the  carrier  density,  it  must  decrease  in  order  to  explain  the  temperature  behavior  of  our  results 
on  the  ex-PAN  fibers.  Room  temperature  value  of  -5.7x10^  was  obtained  for  qea  compared  to  -4.37xl04  at  11K. 
This  reduction  in  the  electron  density  parameter  can  be  via  carrier  freezout  at  low  temperature. 

The  temperature  sensitivity  PR  of  the  annealed  CCVD  fiber  is  an  opposite  effect  compared  to  the  ex-PAN 
fibers.  These  annealed  fibers  have  high  Ey  therefore,  a  negative  PR  should  be  observed  at  300K.  However,  the 
positive  result  shows  that  there  is  considerable  3D  ordering  present  in  these  fibers.  The  transition  to  a  negative  PR 
at  11K  need  to  be  explained  qualitatively  by  the  high  degree  of  graphitization  and  the  tree  ring  morphology  of  these 
fibers.  The  microstructural  factor  may  not  be  critical  since  the  as-grown  fibers  showed  no  temperature  dependence. 
The  annealed  sample,  however,  may  be  dominated  by  ionized  impurity  scattering  which  is  a  major  parameter  at  low 
temperature.  Models  for  our  new  results  are  being  developed  with  H.  Goldberg  at  Celanese  Research  Company. 


41 


III.  References 

1.  M.  Endo  and  T.  Koyama,  IEE  of  Japan,  100A.  633  (1980)  (in  Japanese). 

2.  D.  B.  Fischbach,  K.  Komaki,  and  S.  Srinivasagopalan,  (1980):  Technical  Report  to  US  Army  Research 
office  (Grant  No.  DAAG29-76-G-0169)(unpublished). 

3.  G.  J.  Curtis,  J.  M.  Milne,  W.  N.  Reynolds,  (1968):  Nature  (London)  220.  1024. 

4.  H.  A.  Goldberg  (1985):  Final  Report  to  US  Army  Research  Office,  Contract  No.  DAAE29-81-C-0016 
(unpublished). 

5.  B.  T.  Kelly,  (1981):  Physics  of  Graphite  (applied  Science,  London). 

6.  M.  S.  Dresselhaus,  G.  Dresselhaus,  K.  Sugihara,  I.  L.  Spain,  and  H.  G.  Goldberg,  (1988)  Graphite  Fibers 
and  Filaments,  Vol.  5  in  Springer  Series  in  Materials  Science  (Springer,  Berlin,  1988). 


42 


Fig.  1  Measured  piezoresistance(PR)  of  ex-PAN  fibers  at  300K.  The  Young’s  modulus(in 
GPa)  of  the  fibers  are  shown  besides  the  curves.  Decreasing  PR  is  observed  for 
higher  modulus  fibers. 


400  600  800  1000 

Young’s  Modulus  (GPo) 

Fig.  2  Young’s  modulus  dependent  piezoresistance/strain  of  carbon  fibers.  The  solid  lines 
are  calculated  using  the  uniform  stress  model  with  S44  and  S!3  as  variables.  The 
positive  slopes  represents  2D  whereas  the  negative  slopes  3D. 


Fig.  3  A  schematic  diagram  of  the  set  up  used  in  observing  the  piezoresistance  of  carbon 
fibers  at  low  temperature.  A  close  cycle  He  refrigerator  was  employed  for  the  low 
temperature  (300-1  OK)  system. 
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Fig.  4  Piezoresistance(PR)  vs.  stress(GPa)  of  ex-PAN  (solid  curves)  and  pitch  (broken 

curves)  fibers  performed  at  300K  and  1  IK.  No  temperature  dependence  was  observed 
for  low  modulus  fibers  that  showed  positive  PR  at  300K.  However,  higher  moduli 
fibers  with  negative  PR  at  300K  showed  less  negative  PR  at  1  IK.  The  high  modulus 
P100  pitch  fiber,  which  showed  negative  PR  at  300K,  became  non-ohmic  at  1  IK  for 
meaningful  PR  measurement. 


Fig.  5  Temperature  sensitivity  of  the  piezoresistance(PR)  in  annealed  (>2500°C)  CCVD 

carbon  fibers.  This  highly  graphitic  fiber  show  a  positive  PR  at  300K.  Surprisingly,  a 
much  more  negative  PR  is  seen  at  11K.  The  PR  of  the  as-grown  fiber  (not  shown) 
showed  no  temperature  dependence. 
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ABSTRACT 

Electrical  characterization  of  thickened  ex  -  PAN  and  chemical  vapor  -deposition  of  carbon  fibers  (CC  VDF) 
have  been  carried  out.  Four -point  resistivities  measured  between  10  and  300  K  have  been  compared  with  other 
commercially  available  fibers.  The  magnetoresistance  of  these  fibers  was  also  obtained  at  4.2  K  with  fields  up  to 
15  Tesla  at  The  National  Magnetic  Facility.  The  magnetoresistance  curves  were  fitted  with  Bright’s  [A.  A.  Bright, 
Phys.  Rev.  B20. 5142  (1979).]  theory  with  the  addition  of  ionized  impurity  scattering  for  electronic  parameters  such 
as  electronic  mobility  and  carrier  concentration. 

Ex— PAN  carbon  fibers  were  thickened  to  varying  degrees  by  CVD  of  hydrogen/acetylene  gaseous 
mixtures.  The  pyrolysis  of  the  hydrogen/acetylene  mixture  can  produce  two  distinct  forms  of  carbon:  (1)  vitreous 
pyrolytic  carbon  and  (2)  colloidal  soot.  The  production  of  vitreous  pyrolytic  carbon  is  favored  when  the  partial 
pressure  of  acetylene  is  low.  The  reaction  conditions  (partial  pressure  of  acetylene,  total  gas  flow,  and  time)  were 
varied  to  optimize  the  thickening  rate  and  minimize  nonuniform  thickening  along  the  length  of  the  fiber.  The 
reaction  mechanism  controlling  the  thickening  of  CCVD  filaments  appears  to  control  the  CVD  thickening  of 
ex -PAN  carbon  fibers.  Both  are  composed  of  concentric  rings  of  pyrolytic  carbon. 
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I.  INTRODUCTION 


Catalytic  chemical  vapor  deposited  (CCVD)  filaments  have  superior  structural  characteristics  relative  to 
polymer -based  (e.g.,  PAN)  carbon  fibers  [1].  They  can,  however,  only  be  produced  in  finite  lengths  whereas 
polymer -based  carbon  fibers  can  be  produced  in  continuous  lengths.  This  limitation  on  the  length  of  the  CCVD 
filament  restricts  its  utilization  in  a  variety  of  applications. 

Recently,  workers  such  as  Matsumura  et  al.  [2]  and  Shioya  et  al.  [3]  have  produced  composite  carbon 
fibers  (i.e.,  a  polymer-based  carbon  fibre  coated  with  pyrolytic  carbon)  by  CVD  and  plasma -assisted  CVD 
respectively.  The  carbon  is  deposited  from  a  gaseous  reaction  mixture  of  hydrogen  and  hydrocarbon  (e.g.,  benzene 
and  cyanoacetylene).  The  pyrolytic  carbon  is  deposited  in  concentric  rings  around  the  polymer-based  carbon  fibre. 
The  rate  of  deposition  is  primarily  controlled  by  the  partial  pressure  of  the  hydrocarbon,  the  ratio  between  the 
surface  area  of  the  carbon  fibers  and  the  volume  occupied  by  the  pyrolyzing  gas,  and  by  the  overall  gas  flow. 

The  pyrolysis  of  a  hydrogen/hydrocarbon  gaseous  mixture  results  in  a  complex  series  of  chemical  reactions 
(dehydrogenation,  condensation,  and  aromatization)  which,  depending  on  the  reaction  conditions,  can  produce  two 
distinct  forms  of  carbon,  vitreous  pyrolytic  carbon  and  colloidal  soot.  During  the  CVD  process  an  entire  series  of 
molecular  species  are  generated  ranging  in  size  through  aromatics  to  complex  transitional  molecules  of  low  hydrogen 
content  and  high  molecular  weight  [4].  Colloidal  soot  is  formed  when  the  pyrolyzing  atmosphere  becomes 
supersaturated  with  high  molecular  weight  macromolecular  species  which  homogeneously  nucleate  to  produce 
gas -bom  carbon  particles.  The  vitreous  pyrolytic  carbon  is  formed  when  the  carbon  macromolecular  species 
condense  directly  onto  the  deposition  surface,  in  this  case,  ex -PAN  carbon  fibers. 

Koyama  and  Endo  [5]  state  that  the  development  of  CCVD  filaments  occurs  in  two  distinct  phases: 

(1)  an  initial  growth  stage  which  produces  thin  filaments,  and 

(2)  a  thickening  stage  where  the  filaments  thicken  due  to  pyrolytic  carbon  deposition  on  the  filament 
sides. 

There  is  a  critical  temperature,  1040  °C,  above  which  the  thickening  process  is  dominant  and  below  which 
the  growth  of  the  filament  is  favored  [6].  However,  Oberlin  et  al.  [7]  believe  that  it  is  impossible  to  separate  both 
stages  in  the  development  of  CCVD  filaments  because  they  are  statistically  concomitant,  though  successive  for  a 
given  part  of  the  filament.  It  seems  conceivable  that  the  secondary  stage  can  be  utilized  in  the  CVD  thickening  of 
ex  -  PAN  carbon  fibers.  Consequently,  the  heat  treatment  temperature  (HU)  for  the  CVD  process  during  this  work 
was  set  at  1100°C,  which  is  above  the  temperature  at  which  thickening  starts  to  dominate  in  CCVD. 

Electrical  and  magnetic  characterization  can  be  employed  to  distinguish  between  fibers  of  different  origin. 
The  electrical  resistivity  of  graphite  shows  values  of  about  10~5  Qcm  at  room  temperature  and  decreases  at  lower 
temperatures.  The  resistivity  behavior  of  graphite  is  quite  different  at  low  temperatures.  This  decrease  in  resistivity 
forT  <  100  K  is  most  prominent  in  single  crystal  fibers  [1].  The  highly  graphitized  carbon  fibers  are  usually  heat 
treated  [9]  to  >2500°C.  At  lower  heat  treatment  temperature  of  ~  1500°C,  the  fibers  have  less  graphitic  character 
and  fibers  heat  treated  at  about  1000°C  exhibit  [8]  almost  amorphous  characteristics.  Report  [8]  also  indicate  that 
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carbon  fibers  with  small  diameters  have  superior  properties. 

In  carbon  libers  where  graphitization  is  incomplete,  drastic  changes  in  the  electrical  properties  may  be 
produced  [10]  by  a  small  quantity  of  impurities  or  defects  causing  shift  in  the  Fermi  level.  It  has  been  reported  [10] 
that  quantitative  parameters  are  difficult  to  ascertain  from  electrical  resistivity  measurements.  However,  good 
approximations  can  be  obtained.  Tahar  et  al.  [11]  reported  a  study  of  the  electrical  properties  of  different  sizes  of 
graphite  fibers.  In  their  study  the  temperature  dependence  of  the  electrical  resistivity  were  fitted  with  two  band 
model  to  obtain  carrier  concentration  and  mobility  due  to  possible  carrier  scattering  mechanisms  in  graphite  fibers. 

Magnetoresistance  in  carbon  fibers  (pre-graphitic)  was  given  by  Bright  [12].  Magnetoresistance 
measurements  on  graphite  fibers  by  Rahim  et  al.  [13]  extended  Bright’s  approach  to  include  change  in  mobility  at 
high  field  to  quantitatively  explain  the  experimental  results  for  fields  up  to  5  Tesla.  The  change  in  the  mobility 
factor  has  to  be  taken  into  account  because  of  ionized  impurity  scattering.  Magnetoresistance  measurements  shows 
negative  values  for  the  heat  treated  fibers  above  1300°C  temperature  [14,15].  This  behavior  is  believed  to  be  due 
to  the  two-dimensional  graphitic  order  in  fibers.  Initial  increase  in  the  heat  treatment  temperatures  above  1300°C 
results  in  reduced  2— D  plane  order  and  a  reduction  in  the  amount  of  negative  magnetoresistance.  However,  as  the 
heat  treatment  temperature  is  increased  to  values  above  1700°C,  there  is  a  transition  from  amorphous  to  2-D  in 
plane  ordering  to  3  -D  ordering  which  leads  to  increase  in  the  magnetoresistance  for  T  >  2100°C.  Therefore  one 
can  take  the  sign  of  the  magnetoresistivity  as  an  indication  of  the  degree  of  graphitization  in  carbon  fibers. 

During  this  work,  single  ex  —PAN  fibers  were  coated  to  varying  thicknesses  with  pyrolytic  carbon  by  CVD 
of  hydrogen/acetylene  mixtures.  The  reaction  conditions  such  as  the  partial  pressure  of  acetylene,  the  overall  gas 
flow,  and  the  reaction  time  were  varied  in  order  to  optimize  the  production  and  deposition  of  pyrolytic  carbon. 
Characterization  included  temperature  dependent  resistivity  of  the  thickened  ex— PAN  fibers  produced  by  chemical 
vapor  deposition  technique,  and  catalytic  CVD  straight  and  thin  fibers.  Magnetoresistance  measurements  were  also 
made  at  4.2  K  temperature  in  fields  up  to  15  Tesla.  The  results  are  compared  with  other  carbon  and  graphite  fibers 
with  d'fferent  degrees  of  graphitization. 

II.  EXPERIMENTAL  DETAILS 

Single  ex -PAN  carbon  fibers  were  fixed  with  a  colloidal  graphite  adhesive  (LADD  colloidal  graphite)  to 
a  graphite  (nuclear  grade)  substrate.  The  fibers  were  heat  treated  in  a  resistance  furnace  in  a  steady  stream  of 
hydrogen  gas  (99.999%)  to  1100°C  at  a  heating  rate  of  1°C  sec-1.  At  1100°C  a  known  quantity  of  acetylene  gas 
(99.7  %)  was  allowed  to  flow  into  the  system,  mixing  with  the  hydrogen  to  form  the  gaseous  reaction  mixture.  The 
flow  rates  of  hydrogen  and  acetylene  were  controlled  by  individually  calibrated  Cole— Palmer  flowmeters.  The 
temperature  of  the  furnace  was  controlled  by  a  Leeds  Northrup  temperature  controller.  The  CVD  was  carried  out 
at  atmospheric  pressure  (—632  torr  in  Colorado)  and  for  periods  of  time  ranging  from  60—180  minutes. 

Scanning  Electron  Microscopic  (SEM)  observations  were  earned  out  using  a  Philips  series  505  SEM 
system,  typically  operating  at  an  acceleration  voltage  of  20  eV.  The  thickened  fibers  were  gold  coated  (plasma 
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deposited)  prior  to  SEM  analysis. 

Straight  carbon  fibers  with  dimensions  of  few  microns  and  submicrons  have  been  grown  using  CCVD 
method  involving  the  decomposition  of  acetylene  over  iron  catalyst  on  Highly  Oriented  Pyrolytic  Graphite  (HOPG) 
substrate.  Iron  was  deposited  on  HOPG  substrates  by  two  methods:  electroplating  using  FeCl2,  HC1,  and  KC1,  and 
by  dipping  the  graphite  substrate  into  supersaturated  solution  of  FeClj-HjO.  Straight  micron  and  submicron 
filaments  were  successfully  grown  at  a  deposition  temperature  of  1000°C.  The  success  of  this  technique  has  been 
limited  became  of  the  difficulties  with:  types  of  substrates  whether  graphite  or  quartz  or  silicon  wafer,  types  of 
catalyst  employed  such  as  Ni  or  Fe.  Details  of  the  CCVD  growth  parameters  will  be  reported  separately. 

Foui  -point  resistivity  method  was  employed.  Electrical  contacts  to  the  fibers  were  made  using  silver 
epoxy  and  18  fim  gold  wires.  The  fibers  were  laid  on  four  gold  wires.  Our  techniques  of  laying  down  electrical 
contacts  to  microstructures  with  100  ptm  dimensions  allowed  us  to  lay  down  four  leads  to  a  submicron  fiber  with 
a  total  length  of  about  300  jtm.  The  diameter  of  the  fibers  were  obtained  from  SEM  cross-section  while  the 
distance  between  the  potential  contacts  were  measured  with  a  traveling  microscope.  Considerable  care  had  to  be 
taken  to  avoid  unwanted  stress  in  the  thin  fibers.  Fiber  with  electrical  leads  were  assembled  on  a  thin  microscope 
slide  suitable  for  loading  into  a  cryogenic  dewar.  Currents  were  kept  small  to  avoid  unnecessary  heating. 
Resistivity  measurements  were  made  in  a  close -cycle  He  refrigerator  capable  of  scanning  between  10  and  300K. 
Magnetoresistance  measurements  were  made  at  4.2  K  temperature  and  fields  up  to  15  Tesla.  These  field  dependent 
resistance  measurements  were  carried  out  at  the  National  Magnetic  Laboratories  at  MIT. 

HI.  RESULTS  AND  DISCUSSION 

1.  Thickened  Fiber 

According  to  Koyama  et  al.  [18]  the  optimum  partial  pressure  of  the  hydrocarbon  (benzene)  for  the 
development  of  CCVD  filaments  is  180  torr.  Therefore  the  partial  pressure  of  acetylene  in  the  first  two  runs  was 
set  at  approximately  180  torr  (see  Table  1  for  exact  partial  pressures).  At  this  partial  pressure  the  pyrolyzing 
atmosphere  became  supersaturated  with  carbon  macromolecular  species  which  nucleated  to  form  soot  so  that  the 
ex -PAN  carbon  fibers  in  Runs  1  and  2  were  coated  with  colloidal  soot  and  vitreous  pyrolytic  carbon  (Fig.  1). 

In  the  next  series  of  runs  (3,  4,  and  5)  the  partial  pressure  of  the  acetylene  was  reduced  approximately  by 
half  to  avoid  the  supersaturation  of  carbon  macromolecular  species  in  the  pyrolyzing  atmosphere.  This  reduction 
in  the  partial  pressure  of  acetylene  eliminated  the  production  of  soot  and  enhanced  the  deposition  of  pyrolytic  carbon 
(Figs.  2,  3,  and  4).  The  reaction  conditions  in  Runs  3—5  were  kept  constant  except  for  the  reaction  time  which 
ranged  from  60  minutes  in  Run  3  to  180  minutes  in  Run  5.  In  all  of  the  runs  the  CVD  process  was  dominated  by 
the  production  and  deposition  of  pyrolytic  carbon. 

From  detailed  SEM  observations  of  the  thickened  fibers  from  Runs  3,  4,  and  5  it  appears  that  there  is 
nonuniform  deposition  of  pyrolytic  carbon  along  the  length  of  the  fibers.  The  nonuniform  deposition  is  due  to  a 
concentration  of  gradient  of  pyrolysis  products  in  the  reaction  chamber,  the  pyrolysis  products  being  more 
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concentrated  at  the  gas  inlet  portion  of  the  reaction  chamber.  By  increasing  the  overall  gas  flow,  this  concentration 
gradient  can  be  considerably  reduced  and  hence  the  CVD,  along  the  length  of  the  ex-PAN  carbon  fibers,  more 
uniform.  Therefore,  in  the  next  series  of  runs  (6,  7,  and  8)  the  overall  gas  flow  was  increased.  All  other  reaction 
conditions  were  approximately  the  same  as  those  in  Runs  3,  4,  and  5.  The  increased  gas  flow  did  reduce  the 
nonuniform  thickening  along  the  length  of  the  fibers.  It  also  increased  the  rate  of  thickening  substantially  (Table  1). 

The  surface  texture  of  the  thickened  fiber  can  be  altered  by  increasing  the  partial  pressure  of  hydrocarbon 
or  by  increasing  the  total  flow  rate  of  gas.  At  lower  partial  pressures  of  hydrocarbon  or  low  flow  rates,  the  CVD 
carbon  surface  is  smooth  and  essentially  featureless.  As  the  partial  pressure  of  hydrocarbon  or  the  total  flow  rate 
of  gas  is  increased  the  CVD  carbon  surface  becomes  roughened  and  the  surface  of  the  thickened  ex -PAN  carbon 
fiber  takes  on  a  granular  appearance  (see  Figs.  5  and  6).  This  is  potentially  a  very  useful  feature  if  the  thickened 
ex -PAN  carbon  fibers  were  to  be  used  in  composites.  The  surface  irregularity  increases  the  surface  area  available 
for  wetting,  thereby  enhancing  the  mechanical  bonding  between  the  fiber  and  the  matrix  material. 

As  the  structural  order  of  carbon  materials  improves,  so  does  the  oxidation  resistance  [17].  This  is  simply 
due  to  the  reduced  number  of  exposed  prismatic  edges  and  other  active  sites  (e.g.,  structural  imperfections  in  the 
graphite  lattice)  present  in  the  more  ordered  carbon  materials.  The  prismatic  edges  are  orders  of  magnitude  more 
reactive  to  oxygen  than  the  basal  planes.  Therefore  if  the  pyrolytic  carbon  coating  surrounding  the  ex  -PAN  carbon 
fiber  is  more  ordered  than  the  outer  layers  of  carbon  in  the  ex— PAN  carbon  fiber,  there  will  be  a  consequent 
improvement  in  oxidation  resistance.  Another  reason  for  an  improvement  in  the  oxidation  resistance  of  thickened 
ex  -  PAN  carbon  fibers  is  that  the  pyrolytic  carbon  does  not  contain  the  trace  transition  element  impurities  inherent 
in  ex -PAN  (and  pitch)  carbon  fibers.  It  is  well  known  that  trace  transition  element  impurities  act  as  catalysts  in 
the  oxidation  of  carbonaceous  materials  [18,19].  Since  the  pyrolytic  carbon  can  be  produced  with  virtually  no  trace 
elements  present,  it  acts  as  a  protective  shield  against  catalytic  oxidation.  It  must  be  stressed,  however,  that 
pyrolytic  carbon  coating  is  not  a  solution  to  high  temperature  ( >  2000°C)  oxidation  resistance.  Other  coatings  such 
as  SiC  and  BN  have  been  developed  for  such  purposes. 

2.  CCVD  of  Thin  Carbon  Films 

A  program  was  established  for  CCVD  of  filaments  from  acetylene  or  benzene  with  Fe  and  Ni  catalysts. 
Details  are  given  separately. 

3.  Resistivity  of  Thickened  ex -PAN  and  Ni  CCVD  Fibers 

The  temperature  dependent  resistivity  of  pristine  ex -PAN  fiber  and  the  thickened  ex -PAN  fibers  are 
shown  in  Fig.  7.  for  all  the  fibers,  resistivity  shows  a  small  drop  with  increasing  temperature,  consistent  with 
non-graphitic  carbon.  Figure  8a  shows  the  temperature  dependence  of  resistivity  for  various  carbons  such  as  the 
single  crystal  graphite  and  glassy  carbon.  The  results  of  our  measurements  on  the  thickened  CVD  fibers  shown 
again  in  Fig.  8b  are  similar  to  the  pyrolytic  carbon  and  petroleum  coke  carbon  with  typical  resistivity  of 
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~  10'3  Ocm.  It  is  difficult  to  obtain  a  clear  dependence  of  resistivity  on  the  fiber  diameter  on  these  thickened 
fibers.  There  is  a  small  trend  in  decreasing  resistivity  with  increasing  fiber  diameter,  however,  on  a  realistic  scale, 
such  as  the  one  used  in  Fig.  8b  there  is  relatively  no  correlation  between  the  resistivity  and  the  fiber  diameter  for 
our  thickened  fibers.  Thickened  ex -PAN  fibers  were  obtained  with  different  H2  to  C2H2  gas  flow  rates,  pressure, 
and  growth  time.  The  temperature  dependent  resistivity  of  the  fibers  do  not  indicate  any  correlation  or  show  any 
graphitization. 

In  carbon  fibers,  heat  treatment  temperature  is  important  in  controlling  the  graphitic  character  of  the  fiber. 
Specifically,  fibers  grown  at  lower  temperatures  are  more  amorphous  than  highly  oriented  fibers  treated  at  much 
higher  temperatures.  It  seems  plausible  that  by  using  a  known  core,  like  the  ex -PAN  fibers,  and  depositing 
pyrolytic  carbon  on  it  that  a  well  ordered  structure  would  result  when  using  a  lower  growth/treatment  temperature. 
Our  temperature  dependence  of  resistivity  in  thickened  ex -PAN  fibers  do  not  indicate ..  y  substantial  increase  in 
ordering. 

Typical  temperature  (10  -300  K)  dependent  resistivity  for  two  CCVD  straight -thin samples  are  shown  in 
Fig.  9.  Most  of  these  fibers  were  5  lm  in  diameter.  The  CCVD  fibers  were  intentionally  grown  with  these  small 
diameters  and  relatively  straight  for  the  purposes  of  obscuration  application. 

Our  resistivity  values  of  ~  10"3  0cm  contradicts  the  above  discussion  which  suggested  that  graphite  fiber 
with  lower  resistivity  would  be  possible  for  small  diameter  fibers.  Also  the  spectra  in  Fig.  9  show  relatively 
insensitive  temperature  dependence  of  resistivity  with  10"3  Ocm,  compared  to  10“5  Ocm  for  the  graphitic  fibers 
shown  in  Fig.  8a.  All  the  fibers  differ  by  growth  parameters.  The  fibers  were  derived  from  iron  catalyst  on  highly 
oriented  pyrolytic  graphite  substrates,  with  some  fibers  derived  by  decomposition  of  acetylene,  instead  of  benzene. 
It  is  surprising,  perhaps,  that  the  temperature  dependence  of  the  CCVD  thin  fibers  are  similar  to  the  CVD  thickened 
ex -PAN  fibers  since  iron  catalyst  was  used  in  growing  the  CCVD  fibers.  The  growth  plays  a  dominant  role  in 
determining  the  fiber  resistivity  behavior  with  temperature. 

The  diameter  dependent  room  temperature  resistivity  of  all  the  fibers  of  interest  here  are  shown  at  the  top 
of  Fig.  10.  Familiar  decrease  in  resistivity  with  diameter  is  observed  in  the  thickened  ex -PAN  fibers.  Data  for 
the  CCVD  fibers  are  also  shown.  For  comparison  results  of  vapor  grown  brominated  samples  show  a  similar 
behavior,  but  a  lower  magnitude  of  resistivity.  Since  the  temperature  dependence  of  the  thickened  ex -PAN  and 
thin  CCVD  fibers  are  similar,  different  electronic  scattering  mechanisms  between  the  fibers  are  unlikely.  The  size 
dependent  resistivity  is  due  to  the  crystallite  boundary  scattering. 

4.  Magnetoresistance 

Measurements  at  4.2  K  and  for  fields  up  to  15  Tesla  showed  negative  magnetoresistance  in  the  thickened 
ex-PAN  and  CCVD  thin— straight  carbon  fibers.  Previous  magnetoresistance  were  reported  for  up  to  5  T  only. 
Figure  1 1  shows  the  magnetoresistivity  spectra  for  all  the  ex  -PAN  thickened  CVD  fibers  and  Ni-CCVD  on  HOPG 
fibers.  The  spectra  are  labelled  with  the  sample  numbers.  Comparing  the  thickened  fiber,  the  magnitude  of  the 
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magnetoresistivity  is  smaller  than  the  pristine  ex— PAN  fiber.  The  thickened  fiber  show  lower  magnetoresistivity 
than  the  pristine  ex -PAN  fiber,  with  the  exception  of  Sample  7.  The  high  magnetoresistivity  of  Sample  7  is 
attributed  as  an  anomalous  result.  The  general  result  of  reduced  signal  for  the  thickened  fibers  compared  with  the 
pristine  ex -PAN  fiber  resembles  a  trend  shown  in  Fig.  12.  This  trend  shows  that  in  carbon  fibers  the  negative 
magnetoresistivity  becomes  a  positive  one  for  fibers  exposed  to  higher  heat  treatment  temperatures.  One  can, 
perhaps,  also  deduce  from  Fig.  11  with  reduced  magnetoresistivity  with  respect  to  ex— PAN  fibers,  that  the 
thickened  fiber  behave  as  though  they  become  more  ordered  though  well  short  of  being  graphitic  since  their 
resistivities  are  relatively  higher,  Fig.  8.  However,  because  of  the  relatively  higher  resistivities  and  their 
temperature  insensitivity,  the  carbon  fibers  are  more  likely  amorphous  than  graphitic. 

The  results  of  magnetoresistivity  measurements  on  the  CCVD  grown  straight— thin  carbon  fibers  from 
catalyzed  highly  oriented  pyrolytic  graphite  substrate  are  also  included  in  Fig.  11.  These  spectra  are  very  similar 
to  those  obtained  for  the  thickened  ex— PAN  fibers.  Although  Sample  D8  shows  a  large  negative  magnetoresistivity, 
the  signal  from  the  two  remaining  samples  show  small  magnetoresistivity  at  15  Tesla. 

These  samples  show  negative  magnetoresistivity  even  up  to  15  Tesla.  Bright's  [12]  theory  of  increased 
density  of  states  and  carrier  concentration  with  field  can  explain  the  results  for  low  fields.  In  Bright’s  explanation 
of  negative  magnetoresistivity,  a  saturation  of  signal  occurs  at  about  1.4  Tesla.  The  inclusion  of  ionized  impurity 
scattering  [13]  improves  the  quantitative  description  of  the  negative  magnetoresistivity  in  carbon/graphite  fibers  at 
higher  fields  (>  1  Tesla).  Our  results  show  no  saturation  up  to  the  highest  field  of  15  Tesla. 

IV.  CONCLUSION 

Ex -PAN  carbon  fibers  can  be  uniformly  thickened  by  CVD  from  a  gaseous  reaction  mixture  of 
hydrogen/acetylene.  The  rate  of  thickening  can  be  enhanced  by  increasing  the  partial  pressure  of  the  acetylene  and 
the  flow  rate  of  the  gaseous  reaction  mixture.  Growth  parameters  for  optimum  thickening  of  ex -PAN  fibers  were 
emphasized.  Ni-CCVD  carbon  fibers  on  HOPG  have  been  grown  with  less  than  5  /xm  diameter.  SEM 
micrographs  of  the  thickened  ex— PAN  fibers  show  annular  or  tree  ring  morphology  similar  to  CCVD  grown  fibers. 
Electrical  resistivity  of  these  fibers  are  relatively  insensitive  to  temperature  (10-300  K).  Their  magnitudes  are 
higher  than  those  of  well  graphitized  fibers.  The  familiar  decrease  in  resistivity  with  diameter  was  observed  for 
the  thickened  ex -PAN  fibers.  Magnetoresistance  measurements  at  4.2  K  and  magnetic  fields  as  high  as  15  Tesla 
corroborated  the  resistivity  data,  that  no  graphitic  character  existed  in  these  thickened  nor  the  Ni-CCVD  fibers 
grown  on  HOPG.  Although  these  electrical  and  magnetic  properties  shown  enhanced  properties  of  the  thickened 
CVD  ex— PAN  fibers.  It  is  anticipated  that  the  mechanical  properties  of  the  thickened  fibers  will  be  superior  to 
the  PAN  fibers  because  of  the  annular  macrostructure  of  the  vapor  thickened  fiber. 
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V.  POSSIBLE  APPLICATION  OF  THICKENED  ex-PAN  CARBON  FIBERS 

(1)  As  a  reinforcement  material  in  composites,  and 

(2)  as  a  host  for  intercalation. 

Assuming  that  the  cost  of  producing  pyrolytic  carbon  pound  for  pound  is  less  than  ex -PAN  carbon  fibers 
(since  pyrolytic  carbon  can  be  produced  from  virtually  any  gaseous  hydrocarbon  including  industrial  waste),  the 
logical  step  would  be  to  reduce  the  amount  of  ex -PAN  carbon  fiber  used  in  the  composites  and  replace  it  with 
pyrolytic  carbon. 

In  any  carbon  fiber  composite  there  is  a  particular  volume  fraction  of  fibers  with  respect  to  matrix  material 
that  gives  the  composite  the  optimum  mechanical  strength.  The  fibers  dissipate  the  energy  when  a  carbon  fiber 
composite  is  placed  under  stress.  It  is  therefore  important  that  when  using  thickened  fibers  one  must  still 
incorporate  a  certain  amount  of  fibers  so  that  the  stress  that  each  fiber  experiences  is  not  so  great  as  to  cause  failure. 
If  the  number  of  fibers  in  a  composite  were  to  be  considerably  reduced  by  using  the  same  volume  of  reinforcement 
material  (thickened  fibers)  but  a  reduced  number  of  fibers,  a  reduction  in  the  mechanical  properties  of  the  composite 
is  likely.  Hence,  the  need  to  find  the  minimum  number  of  fibers  needed  in  a  particular  composite  to  avoid  any 
significant  reduction  in  mechanical  properties. 

High  modulus  pitch  carbon  fibers  are  often  used  for  intercalation  due  to  their  high  degree  of  structural 
order.  They  are,  however,  not  as  widely  used  as  ex— PAN  carbon  fibers  because  of  their  reduced  mechanical 
properties  as  compared  to  ex-PAN  carbon  fibers.  If,  as  in  this  case,  the  ex -PAN  carbon  fiber  was  coated  with 
a  highly  ordered  carbon  deposit,  one  would  have  a  "composite  fiber"  with  the  advantageous  properties  of  both 
ex -PAN  and  pitch  carbon  fibers;  the  strength  of  the  ex— PAN  carbon  fiber  and  the  structural  order  of  pitch  carbon 
fibers.  Consequently,  the  thickened  ex -PAN  carbon  fibers  would  be  suitable  for  intercalation.  There  are  many 
useful  properties  of  an  intercalated  thickened  ex -PAN  carbon  fiber  as  a  conductor  as  opposed  to  conventional 
conductors  such  as  copper  in  that,  it  is  a  fiber  and  as  such  can  be  wound,  weaved,  or  easily  incorporated  into  a 
thermoplastic  matrix.  The  thickened  fiber  has  most  of  the  desirable  properties  of  other  carbon  fibers,  chemically 
inert,  low  weight,  heat  resistant.  Although  the  heat  resistance  of  intercalated  carbon  fibers  will  be  much  less  than 
that  of  pristine  carbon  fibers. 

There  is  still,  however,  a  great  deal  of  work  to  be  carried  out  on  the  thickened  ex— PAN  carbon  fibers 
before  any  firm  conclusions  can  be  drawn  about  the  potential  applications  mentioned  above. 
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Table  1.  CVD  thickening  of  ex-PAN  carbon  fibers. 
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Figure  i . 

Shows  an  ex-PAN  carbon  fibre  coated  with  colloidal  soot. 
There  is  also  a  thin  veneer  of  pyrolytic  carbon  surrounding 
the  fib:  e. 


V. 


Figure  2. 


Shows  two  ex-PAN  carbon  fibres  thickened  bv  a  vitreous 
pvrolvtic  carbon  deposit. 


Figure  3. 

Shows  a  single  ex-PAN  carbon  fibre  thickened  by  concentric 
rings  of  pyrolytic  carbon.  Note  the  'droplets  '  &n  the 
surface  of  the  pyrolytic  carbon.  These  droplets  appear 
to  represent  the  intermediate  stage  between  direct  deposition 
of  pyrolytic  carbon  and  the  formation  of  soot. 


Figure  4. 


The  concentric  rings  of  pvrolvtic  carbons  surrounding  the 
"X-PAN  carbon  fibre  are  obvious  m  this  photomicrograph. 
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Figure  5. 

Thickened  ex-PAN  carbon  fibre  from  Run  5.  (See  Table  1 
for  reaction  conditions).  The  surface  of  the  pvrolytic 
carbon  deposit  is  smooth  and  essentially  featureless. 


Figure  6. 

Thickened  ex-PAN  carbon  fibre  from  Run  6  (see  Table  i 
!or  reaction  conditions).  The  surface  of  the  pyrolytic 
carbon  deposit  is  roughened. 


Fig.  7  dp/dT  of  thickened 
ex-PAN  fibers. 
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Fig.  9  dp/dT  of  Fe-CCVD  fibers. 


T(K)  T(K) 

Fig.  8  (a)  Resistivities  of  various  carbon  and  boronated  carbon-vs-temperature:  l)single 

crystal  graphite,  2)  HOPG,  3)  graphite  whisker,  4)pyrolytic  carbon,  5)petroleum 
coke  carbon,  6)lampblack  base  carbon,  7)glassy  carbon,  8)carbon  film-electron 
beam  evaporated,  b)  resistivities  of  thickened  carbon  fibers. 
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Fig.  10  Diameter  dependent  resistivity  at  300K  of;B  CVD  thickened  ex-PAN  fibers,  + 
Celion  3000  ex-PAN, a  Fe-CCVD,0  pristine  CCVD  and  •  Brominated  CCVD 
carbon  fibers.  The  solid  line  represents  results  of  Tahar  et  al  1986. 
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CHEMICAL  VAPOR  DEPOSITION  OF  CARBON  FILAMENTS  FROM  ACETYLENE  AS 

CATALYZED  BY  IRON  AND  NICKEL 

Christina  C.  Schmitt  and  Carol  M.  McConica 
Department  of  Chemical  Engineering 
Colorado  State  University 
Fort  Collins,  Colorado  80523 


ABSTRACT 

Carbon  filaments  have  been  grown  by  catalytic  chemical  vapor  deposition 
(CCVD)  on  both  iron  and  nickel  catalysts  in  a  high  vacuum  differential  reactor. 
Nickel  catalysts  were  prepared  by  evaporation  and  electrochemical  deposition  onto 
highly  oriented  pyrolytic  graphite  (HOPG)  substrates.  Iron  catalysts  were  prepared 

by  electroplating  and  immersing  HOPG  substrates  into  iron  chloride  solutions.  For 

the  temperature  range  873-1273  K,  acetylene  decomposition  on  nickel  produced 
non-uniform  twisted  submicron  filaments.  Straight  submicron  diameter  filaments 

with  aspect  ratios  in  excess  of  1000  result  from  the  decomposition  of  acetylene  over 
iron.  Filament  diameters  are  dependent  upon  the  iron  chloride  solution 
concentration,  deposition  time  and  the  partial  pressure  of  acetylene. 

INTRODUCTION 

Carbon  filaments  are  a  unique  form  of  carbon  deposited  on  many  types  of 

surfaces  during  certain  high  temperature  reactions.  The  first  initiatives  for 
research  on  CCVD  carbon  filaments  were  guided  towards  the  prevention  of  their 

formation.  In  various  applications,  catalyst  deactivation,  decreases  in  heat  transfer 
efficiencies  and  corrosion  can  all  be  attributed  to  carbon  deposition  on  metals. 
Eventually,  studies  migrated  towards  the  potential  uses  of  the  filaments,  most 
obviously  as  a  highly  attractive  replacement  for  carbon  fibers  prepared  from 
organic  precursors.  These  play  a  ke>  role  in  the  development  of  stronger,  lighter, 
and  more  heat-resistant  materials.  Perhaps  the  biggest  limitation  on  organic  fibers 
is  that  they  do  not  have  an  appreciable  amount  of  crystallite  orientation,  deeming 

them  unsuitable  for  meeting  today's  standards  for  many  physical  and  optical 

properties  in  materials.  Filaments  grown  by  CCVD  however,  have  been  found  to 
posses  excellent  structural  and  optical  characteristics,  and  can  be  easily  modified 

by  chemical  means  to  suit  them  to  specific  applications.1 
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The  specific  goal  of  this  carbon  filament  research  was  to  produce  straight 
filaments  with  submicron  diameters  and  high  aspect  ratios.  Filaments  of  these 
dimensions  are  desired  for  their  optical  properties,  more  specifically,  to  examine 
theoretical  models  on  obscuration.  Straight  filaments  are  not  requisite  for  optical 
applications,  but  they  are  necessary  for  meaningful  interpretation  of  obscuration 
measurements,  such  as  scattering  and  absorption  cross-sections,  which  car*  be 
compared  to  theories  based  on  straight  filaments  of  the  same  size  order. 

The  method  chosen  for  growing  carbon  filaments  involves  a  gas-solid 
reaction.  A  hydrocarbon  is  decomposed  over  a  m-tal  catalyst  at  high  temperatures. 
Hydrogen  is  used  to  aid  the  reaction  as  a  diluent  and  to  prevent  the  accumulation  of 
amorphous  carbon  deposits  by  inhibiting  the  dehydrogenation  reactions.  Many 
elements  in  these  reactions  are  unknown  and  there  is  much  controversy  as  to  the 
mechanisms  involved  in  filament  growth.  It  is  not  in  the  scope  of  this  research  to 
determine  mechanisms,  but  instead  to  prepare  a  method  by  which  carbon  filaments 
of  the  desired  dimensions  can  be  produced.  Details  of  proposed  mechanisms  for  a 
variety  of  filament  types  are  discussed  in  the  literature.  1.2,3 


APPARATUS 

A  differential  high  vacuum  system  has  been  constructed  to  allow  the  growth 
and  in-situ  characterization  of  CCVD  carbon  filaments  in  a  clean  environment 
(Fig.  1).  The  pumping  station  is  a  turbo-molecular  pumping  unit,  having  a 
nitrogen  volume  flow  rate  capacity  of  170  1/s,  and  an  operating  pressure  range 

from  5x10‘8  torr  to  760  torr.  All  plumbing  in  the  system  prior  to  the  heated  zone  of 
the  reactor  is  Pyrex.  The  2.6  cm  diameter  reactor  is  quartz  and  is  attached  to  the 

system  by  socket  joints.  A  Varian  524-2  cold  cathode  ionization  gauge  was  used  to 
determine  the  system  pressure  during  the  sample  evacuation.  The  system  could  be 
evacuated  to  the  pressure  regulators  on  the  gas  cylinders. 

Gas  flow  rates  are  controlled  by  MKS  type  1259B  flow  controllers.  The 

hydrogen  and  helium  flows  range  from  0-200  seem  and  the  hydrocarbon  flow 

controllers  have  ranges  of  0-20  and  0-200  seem.  Accuracy  is  0.5%  of  full  scale.  An 
Omega  CN-2010  programmable  temperature  controller  and  SSR  240  A45  solid  state 
relay  are  used  to  power  and  control  the  resistance  oven.  The  PID  control  loop  gives 
and  overshoot  of  less  than  10°  C  at  1000°  C  and  controls  within  1°  C  after  5  minutes 
of  stabilization. 
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All  gases  used  in  CCVD  filament  growth  experiments  are  of  high  purity: 
hydrogen  (99.9998%),  helium  (99.998%),  argon  (99.999%),  and  acetylene  (grade  2.6). 
Breathing  quality  air  was  used  for  baking  out  the  system  after  the  completion  of  a 
run. 

EXPERIMENTAL  PROCEDURES 

Substrates  were  cleaned  with  organic  solvents,  rinsed  in  deionized  water  and 
baked  in  a  convection  oven  at  333  K.  The  source  for  the  evaporated  nickel  catalysts 
was  99.999%  pure  nickel  powder.  Nickel  was  electroplated  from  a  Watts  nickel 
solution  comprised  of  NiS04.  NiCl2  and  boric  acid  at  a  local  printed  circuit  board 
manufacturing  company.  Iron  was  deposited  on  HOPG  substrates  by  two  methods: 
electroplating  using  FcCH.  HC1  and  KC1,  and  by  dipping  the  graphite  into 
supersaturated  solutions  of  FeC^HoO.  For  the  electroplated  samples,  the  time  of 

plating  was  varied,  and  for  the  dipped  substrates  botn  solution  concentration  and 

time  of  dipping  were  varied.  After  they  were  seeded  with  catalyst,  the  substrates 
were  stored  in  a  dessicator  until  the  time  of  the  deposition. 

The  reactor  system  was  closed  off  to  the  atmosphere  and  evacuated 
continuously  when  no  depositions  were  taking  place.  The  reactor,  with  substrates 

inside,  was  attached  to  the  rest  of  the  system  prior  to  a  run  and  was  then  also 

evacuated.  All  lines,  from  the  source  gases  to  be  used,  were  evacuated  at  room 

temperature  and  then  filled  with  their  respective  gases  up  to  the  mass  flow 
controllers.  The  evacuated  system  was  then  shut  off  from  thr  pump  station.  The 
system  was  filled  with  inert  gas  until  the  capacitance  manometer  read  above 
atmospheric  pressure  (630-640  torr),  and  then  an  exit  line  was  opened,  bringing 
the  pressure  back  down  to  atmospheric  pressure.  At  this  time  the  temperature 
programming  began.  Pressure  and  temperature  were  monitored  closely.  When  the 
reactor  was  up  to  the  run  temperature,  hydrogen  replaced  the  inert  for  a  reduction 

period.  Directly  following  the  reduction  period  there  was  either  the  actual  run 
(hydrogen  and  hydrocarbon)  or  a  hydrocarbon  saturation  period  (inert  and 
hydrocarbon)  followed  by  the  CCVD  run.  In  either  case  the  total  flow  was  kept 

constant  by  adjusting  the  hydrogen  or  inert  flow  rate.  All  runs  were  at  constant 
temperature  throughout  the  duiation  of  the  deposition.  When  the  deposition  was 

complete,  the  oven  input  was  turned  to  zero,  and  the  reactor  cooled  by  natural 
convection.  Only  inert  flowed  through  the  system  during  cooling.  The  inert  was 

left  flowing  until  the  reactor  and  substrate  were  below  600K.  When  the  inert  flow 

was  shut  off,  air  could  enter  the  system,  so  the  substrate  was  cooied  enough  to 
assure  that  there  would  be  no  oxidation  of  the  filaments. 
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When  runs  were  complete,  substrates  were  removed  and  placed  in  a  dessicator 
until  ready  for  analysis.  The  reactor  was  baked  at  1123  K  in  air  flowing  at  100  seem 
to  burn  off  carbon  deposited  on  the  walls.  The  reactors  were  periodically  cleaned 
in  aqua  regia  to  remove  metal  deposits  which  may  cause  extraneous  reactions. 

A  scanning  electron  microscope  (SEM)  was  used  to  observe  the  substrates  for 
filament  growth.  Substrates  were  glued  onto  SEM  stubs  with  graphitic  paint  and 
baked  in  a  vacuum  oven.  The  following  conditions  were  found  to  work  the  best  for 
the  carbon  filament  samples  in  the  Philips  505  SEM:  Accelerating  Voltage  (A.V.)  at 
25-30  keV,  filament  current  at  30  pA,  bias  voltage  at  150  eV.  and  a  spot  size  of  20  nm. 
For  Energy  Dispersive  X-ray  analysis  (EDAX),  a  lower  A.V.  and  larger  spot  size  were 
used:  approximately  20  keV  and  50  nm  respectively.  EDAX  was  done  to  check  for 
impurities  on  the  substrate  which  may  be  a  source  of  filament  growth.  Larger 
A.V.'s  were  used  to  penetrate  the  carbon  o  the  sample  surface  to  identify  impurities 
and  catalysts.  Lower  values  were  used  to  identify  the  filaments  as  being  carbon. 


EXPERIMENTAL  RESULTS 

Twelve  runs  were  made  using  a  variety  of  nickel  catalysts.  See  Table  1  for  a 
description  of  substrates,  run  conditions,  and  results.  Using  nickel  catalysts  it  was 
possible  to  grow  filaments  with  diameters  as  small  as  20  nm,  about  twice  the  lowest 
possible  limit  of  carbon  filaments  which  9  nm.4  Filament  diameters  were  not 
uniform  on  each  substrate,  and  filaments  were  usually  indistinguishable  from  each 
other  because  they  were  very  tangled.  Some  SEM  micrographs  are  shown  in 
Figures  2-5  as  examples  of  these  filaments. 

Substrates  prepared  by  evaporation  of  nickel  powder  produced  more 
consistent  results.  A  matrix  of  experiments  was  run  around  a  variety  of  conditions 
using  this  type  of  substrate.  The  matrix  was  determined  by  the  method  of 
Self-Directing  Optimization5  in  order  to  isolate  the  ideal  conditions  for  growing 
straight,  submicron  filaments.  Table  2  shows  all  of  these  runs.  The  results  of  these 
experiments  showed  that  the  best  filaments  that  could  be  grown  on  this  substrate 
were  grown  at  the  lower  temperatures  (600°C)  and  longer  run  times  (30  minut- 
All  other  variables  seemed  to  have  little  or  no  effect  on  improving  the  growth. 
Higher  temperatures  were  examined  in  the  attempt  to  produce  straighter,  more 
ordered  filaments.  These  runs  are  listed  in  Table  3.  Very  few  filaments  were 
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produced  at  the  higher  temperatures.  It  was  concluded  that  it  is  not  possible  to 
grow  the  desired  filaments  using  nickel  catalysts. 

Iron  was  deposited  on  HOPG  substrates  to  examine  the  possibility  of  growing 
straight,  submicron  filaments  using  this  catalyst.  Filaments  of  the  desired 
dimensions  were  grown,  and  the  results  were  repeated  a  number  of  times  (Table  4). 
Although  the  substrates  used  in  ca'.n  run  were  not  identical,  filaments  of  the  same 
dimensions  could  be  produced  by  altering  the  run  conditions.  SEM  micrographs  of 
some  of  these  filaments  are  shown  in  Figures  6-9. 

Straight  submicron  filaments  with  aspect  ratios  of  1000  were  successfully 
grown  under  the  following  conditions:  acetylene:hydrogen  =  5:1,  total  flow  =  40 
seem,  heating  rate  of  10°  C/min,  deposition  T  =  1000°  C,  reduction  time  =  10  min, 
hydrocarbon  saturation  time  =  1  min.  and  a  deposition  time  of  60  min.  This 
experiment  was  reproduced  several  times.  The  D-Runs  were  set  up  in  the 
optimization  matrix  form  similar  to  the  A-Runs  with  nickel.  This  matrix  directed 
the  optimization  to  the  conditions  stated  above.  While  straight  filaments  were 
grown,  the  overall  density  of  filaments  was  found  to  be  much  less  than  for  the 
nickel  catalyzed  filament  growth, 

DISCUSSION 

It  has  not  been  possible  to  grow  long,  straight  filaments  using  substrates 
seeded  with  nickel.  Iron,  on  the  other  hand,  which  is  similarly  structured 

transition  metal,  and  which  possesses  many  of  the  same  catalytic  properties, 

catalyzes  the  growth  of  long,  straight  filaments  using  identical  run  conditions. 

Experiments  with  both  iron  and  nickel  catalysts  were  run  below  the  melting 
temperatures  of  the  metals.  The  melting  point  of  iron  is  1538°  C,  and  for  nickel  it  is 
1453°  C.  At  run  conditions,  both  of  these  pure  metals  have  front  centered  cubic 

structures.  It  is  assumed  that  run  temperatures  were  well  enough  below  the 
melting  points  that  even  if  the  melting  points  were  lowered  due  to  the  small 
particle  sizes,  the  metals  were  still  in  the  solid  phase.  It  is  difficult  to  interpret 

nickel-carbide  and  iron-carbide  phase  diagrams  correctly  because  of  the  many 
unknowns  involved  in  filament  growth.  Some  of  these  unknowns  are:  the  actual 
temperature  of  the  catalyst  pellets,  property  changes  due  to  the  small  particle  size, 
and  carbide  concentrations  within  the  metal. 

A  critical  difference  between  iron  and  nickel  is  that  acetylene  adsorption  is 
dependent  upon  the  plane  of  nickel  on  which  it  chemisorbs.  The  (100)  and  (111) 
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surfaces  more  readily  adsorb  jccivlcnc  and  break  the  C-C  bonds  than  docs  the  (110) 

surface.  There  are  none  of  these  surface  dependencies  with  iron.6  If  the  catalyst 

particles  are  faceted  solid  clusters  then  there  would  be  non-uniform  growth  off  of 

nickel  because  of  the  differential  reaction  rates  on  each  exposed  crystal  face.  Iron 
would  give  straight  filaments  under  similar  growth  conditions  due  to  the  facile 

nature  of  acetylene  decomposition  on  iron. 

Catalyst  particles  have  been  observed  as  fragments  along  the  filament  when 

nickel  is  used.  The  direction  of  growth  changes  and  branches  sometimes  exist 

where  panicles  are  observed.  Both  of  these  phenomena  could  be  due  to  new  nickel 
faces  becoming  exposed  during  the  catalyst  fragmentation. 

In  general,  the  iron/HOPG  substrates  appear  to  be  less  active  than  the  nickel 

substrates,  producing  fewer  filaments  and  only  small  amounts  of  flocculent  on  the 

HOPG  regions  without  filaments.  The  tangled  matted  growth  observed  with  nickel 
couid  also  be  due  to  the  amount  of  carbon  being  deposited  and  interference  between 

adjacent  filaments.  If  the  catalyst  is  on  the  surface  and  the  filament  is  extruded, 

then  this  surface  carbiding  would  quickly  render  the  catalyst  inaccessible  by 

reactants  and  result  in  short  filaments.  When  isolated  filaments  were  found 

growing  from  the  nickel  surface,  they  were  never  straight. 

On  many  of  the  runs  where  long,  straight  filaments  grew  from  iron,  much  of 

the  growth  was  observed  to  originate  from  areas  of  the  substrate  where  defects 

occurred.  These  defects  were  parts  of  the  graphite  that  had  peeled  back  due  to 

cutting  of  the  substrate  prior  to  catalyst  seeding.  Boundaries  may  be  exposed, 

giving  the  iron  a  different  type  of  surface  to  deposit  on.  This  type  of  deposit  may  be 
characterized  by  a  unique  support/catalyst  interaction  and  thus  promote  growth  in 
some  way.  These  areas  may  also  be  contaminated  by  handling  of  the  substrates, 

resulting  in  a  co-catalyst  effect. 


CONCLUSIONS 

Straight  filaments  with  aspect  ratios  in  excess  of  1000  have  been  grown  from 
iron  catalysts  supported  by  highly  oriented  pyrolytic  graphite.  Filament  diameters 
can  be  controlled  by  varying  deposition  time  and  the  hydrocarbon  to  hydrogen 
ratio  during  deposition.  While  iron  was  found  to  grow  straight  filaments,  the 
catalyst  utilization  was  small.  Either  most  of  the  catalyst  panicles  were  not  active 
or  the  iron  diffused  into  the  graphite  during  the  heat  cycle.  Nickel  catalysts  never 
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gave  straight  filaments  even  though  the  density  of  filament  growth  was  very  high 
on  nickel.  This  difference  in  filament  structure  is  attributed  to  the  structure 
sensitivity  of  acetylene  decomposition  on  nickel  and  it  facile  nature  on  iron. 
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C-  Thermocouple  Valvaa  19-12 1  scainlaaa  Hupro  (SS-4II) 

0-  Tuaperacura  Prograjuaar  and  Cancrollar 

E«  Sxx-Hay  CC  Valve 

P-  Cold-Cathode  Ion  Cauga 

G-  Ion  Cauga  Raadouc 

II-  Maaa  Plow  Concroilara 

I-  Plow  Controller  Raadouc 

J-  Emergency  Vane  Valva 


Figure  1  Schematic  of  High  Vacuum  CCVD  System 
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Figure  2  Nickel  Catalyzed  Carbon  Filaments  (Run  CS#2) 


Figure  3  Nickel  Catalyzed  Carbon  Filaments  vRun  CS#3) 


«p>  m 

«  .  a*  -  t 


Figure  5  Nickel  Catalyzed  Carbon  Filaments  (Run  PCB1) 


Figure  6  Iron  Catalyzed  Carbon  Filaments  (Run  C3) 


Figure  7  Iron  Catalyzed  Carbon  Filaments  (Run  C7) 


10u«i300kU  2  7  2  E  3  0022/01  CS  #C7 


Figure  8  Iron  Catalyzed  Carbon  Filaments  (Run  C7) 


Figure  9  Iron  Catalyzed  Carbon  Filaments  (Run  C9) 


TABLE  I  MISCELLANEOUS  NICKEL  BUNS 

RUH  SUBSTRATE  N1  OEP,  RAMP  RUN  T  RUN  t  TOT.  FLOW  Hi:CiHi  COOL.  GAS  COMMENTS 

(A)  (,C/«in)  'C)  (Bin)  (scca) 


CSil 

Poco 

500 

10 

700 

15 

203 

50:1 

Hi 

Twisted,  d:.2-.4(iB,l(20(i«. 

CSI2 

Poco 

500 

13.3 

350 

15 

209 

20:1 

Hi 

SfiOkey,  d:.l|ia,  AR=!00.  ’ 

CS>3 

Poco 

500 

13.3 

350 

15 

198 

10:1 

Hi 

Helix, curls,  d=.4-i.0ji«.  | 

CSN 

2.73XNi/$i 

— 

13.3 

350 

15 

100 

10:1 

Hi 

No  filaaents  found.  ■ 

PCBI 

Poco 

Plated 

5 

600 

30 

203 

50:1 

Hi 

1 

Octopussy ,  d=.l-.5|ia. 

PCB2 

Poco 

Plated 

13.3 

750 

15 

200 

10:1 

Hi 

0s.15-1.0ai,  AR< 100 .  I 

A3LP 

Poco 

25 

15 

600 

10 

53 

50:3 

Hi 

Ds.1-I.0ai,  Run  Ps10-100  I 

1 

31 

Poco 

25 

13.3 

350 

10 

100 

10:1 

He 

Tangled,  d=.02-.05|i«. 

Si-1 

Si 

5G0 

15 

850 

10 

50 

4:1 

He 

No  filaaents  found. 

41 

2.73XNl/Si 

— 

13.3 

850 

15 

100 

10:1 

He 

No  filaaents  found.  i 

1X-1 

SlOi 

1 

20 

1000 

10 

60 

5:1 

He 

No  analysis. 

IX-2 

SiO? 

10 

1000 

30 

50 

4:1 

He 

No  analysis. 
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TABLE  2  A-RUNS  (NICKEL) 


RUN 

SUBSTRATE 

N!  OEP. 
(A) 

RAMP 

(°C/«in) 

RUN  T 

(•0 

RUN  t 
din) 

TOT.  FLOW 
(seen) 

Hj :  Ci  H? 

COOL.  GAS 

COHHENTS 

. 

At 

Poco 

25 

5 

600 

5 

20A 

50:1 

Hi 

0:.06|il,  Is. 4|i*. 

A2 

Poco 

25 

25 

1000 

2.5 

200 

1:1 

Hi 

No  fllanents  found. 

A3 

Poco 

25 

25 

600 

30 

53 

50:3 

Hi 

Saokey,  d:.05-.A|ia,AR:l00. 

AA 

Poco 

25 

5 

1000 

10 

AO 

5:1 

Hi 

D:.A|ia,  short,  fev. 

A5 

Poco 

100 

5 

1000 

5 

AO 

40:1 

He 

No  fllaaents  found. 

A6 

Poco 

100 

5 

600 

30 

200 

3:1 

Hi 

Tangled. d=.  15-1|i«,  1:1 Opa. 

A7 

Poco 

100 

25 

600 

5 

AO 

3:1 

He 

Tangled,  d=.l5-l|ia. 

A8 

Poco 

100 

25 

1000 

30 

200 

50:1 

He 

Curly,  d:.A|i«,  l:50|ia. 

A9 

Poco 

100 

A 

360 

37 

76 

61:1 

Hi 

No  filaaents  found. 

AIO 

Poco 

100 

20 

360 

10 

<0( 

57:1 

Hi 

No  filaaents  found. 

All 

Poco 

100 

A 

360 

35 

1A7 

12:1 

Hi 

One  filaaent  found,  d<.0lu* 
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TABLE  3  B-RUXS  (NICKEL) 


RUN 

SU8ST. 

HI  DEP. 

(A) 

RUN  T 

CO 

RUN  t 
(sin) 

TOT.FLOW 

(sect) 

H; :  Ci  Hi 

RED.t 

(Bin) 

HC  SAT.t 
lain) 

COMMENTS 

81 

Poco 

100 

1000 

60 

40 

5:1 

10 

0.5 

Straight, d:5-6|i«,AR<50. 

82 

SiO? 

? 

1000 

50 

40 

5:1 

10 

1.0 

No  analysis. 

83 

Poco 

Plated 

1000 

69 

40 

5:1 

10 

0.5 

One  filaBent,d:.6|ii,AR<20. 

84 

Poco 

100 

1000 

60 

40 

5:1 

10 

1.0 

Sale  as  81. 

85 

Poco 

100 

1000 

60 

40 

5:1 

10 

0 

Saie  as  81. 

86 

HOPG 

50 

1000 

60 

40 

5:1 

10 

0.75 

0ctopussy,d:.2*.5|ii,AR(!00. 

BIO 

HOPG 

100 

1000 

60 

126.5 

.0:1 

10 

1.0 

No  filanents  found. 

811 

HOPG 

100 

1000 

15 

126.5 

10:1 

10 

1.0 

No  filaaants  found. 

812 

HOPG 

100 

1000 

60 

126.5 

10:1 

10 

1.0 

No  filanents  found. 

814 

HOPG 

100 

1000 

60 

126.5 

10:1 

10 

1.0 

No  filaaents  found. 

815 

HOPG 

100 

650 

60 

128.5 

10:1 

10 

1.0 

Bundles, d:.2|ii,  long. 
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TABLE  4  MISCELLANEOUS  C,  0,  and  E-Runs  (IRON) 


RUN 

RUN  r 

(•0 

RUN  t 
(am) 

REO.t 

(Bin) 

TOT.  FLOW 
(SCO) 

HjiCjHj 

COMMENTS 

C2 

750 

30 

10 

126.5 

10:1 

No  fllaaents  found. 

C3 

1000 

60 

10 

40 

5:1 

Straight,  d=tn«,  l>lra. 

C4 

350 

60 

10 

40 

5:1 

No  filaaents  found. 

C7 

1000 

50 

10 

40 

5:1 

Saae  as  C3. 

C9 

1000 

60 

10 

40 

5:1 

Sane  as  C3. 

Cl  2 

1000 

30 

10 

40 

5:1 

DM|ia,  I < .  2ea. 

02 

1000 

60 

10 

40 

5:1 

Straight,  d=2-5|ia,  AR=500. 

04 

1000 

60 

10 

40 

£.1 
*  .  1 

Straight,  d=i(ia,  Kl00pi. 

05 

1000 

60 

c 

V 

100 

10:1 

Straignt,  d<tya,  Kim. 

06 

1000 

60 

s. 

100 

3:1 

Straight,  d:iCin,  ar<50. 

07 

1000 

60 

15 

100 

10:1 

No  filaaents  found. 

08 

1000 

60 

15 

20 

3:1 

Many  fila*ants,  d= 1 0^a, 1 < 1  no,  Cl  found. 

09 

1000 

60 

5 

20 

10:1 

No  fllaaents  found. 

010 

1000 

60 

5 

20 

3:1 

No  fllaaents  found. 

El 

1000 

60 

10 

40 

5:1 

Straight,  d:5|ii,  Kl«*. 

E2 

1000 

60 

10 

40 

5:1 

Sais  as  El. 

E3 

1000 

60 

10 

40 

3:1 

Straight,  d:.75yi,  Kin. 

GROWTH  AND  STRUCTURE  OF  VAPOR-DEPOSITED  FILAMENTS  ON  GRAPHITE 

AND  SILICON  SUBSTRATES 


C.  W.  Bowers  and  I.  L.  Spain 
Department  of  Physics 
Colorado  State  University 
and 

C.  M.  McConica 

Department  of  Chemical  Engineering 
Colorado  State  University 


ABSTRACT 

Filaments  have  been  grown  by  catalytic-chemical-vapor-deposition  techniques  on  graphite  and  silicon 
substrates  at  temperatures  from  700-  1000°C.  Nickel  catalyst  and  acetylene/hydrogen  reaction-  gas  mixtures  were 
used  for  all  experiments.  X-ray  diffraction  examination  of  the  filaments  indicated  that  those  grown  on  graphite 
substrates  were  disordered,  and  those  on  silicon  between  700-800PC  were  partially  graphitic.  Silicon  carbide  was 
formed  on  the  silicon  substrates  between  900-1000"C  but  was  probably  not  filamentary.  The  results  are  discussed 
in  terms  of  a  model  for  the  growth  process. 
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INTRODUCTION 


In  a  previous  paper  (1)  the  growth  of  partially  graphitic  filaments  was  reported  on  silicon  surfaces  from 
acetylene  at  850°C.  The  silicon  surfaces  were  coated  with  a  thin  layer  of  Ni  to  provide  a  catalyst  for  th@  growth. 
The  catalyst  film  forms  small  spherules  on  the  surface  when  the  temperature  rises  to  that  of  the  reaction.  These 
spherules  then  act  as  surfaces  for  the  decomposition  of  the  hydrocarbon,  and  thedeposited  carbon  deposits  under 
the  spherule,  pushing  it  forward.  The  filament  then  grows  outwards  from  the  surface  with  the  catalyst  particle  at 
its  end  (for  a  review,  see  Ref.  2). 

The  results  reported  in  (1)  suggested  that  the  degree  of  graphitization  of  the  filament  was  increased  when 
growth  occurred  on  silicon  surfaces.  X-ray  diffraction  patterns  obtained  on  filaments  grown  on  graphite  substrates 
under  the  same  conditions  showed  no  evidence  of  graphene  planes  (i.e.,  (002)  reflections  were  so  broad  that  the 
structure  was  close  to  amorphous).  On  the  other  hand,  those  grown  on  silicon  substrates  showed  well  developed 
(002)  reflections,  with  interlayer  spacing  characteristic  of  a  graphitization  index  (3)  of  about  0.5.  This  is  similar 
to  the  graphitization  achieved  by  heat-treating  an  organic  precursor  such  as  anthracene  to  a  temperature  of  about 
2200°C. 

This  result  is  of  possible  technological  significance,  since  it  may  allow  high  strength  carbon  filaments  to 
be  grown  by  the  catalytic  chemical-vapor-deposition  technique  (CCVD)  at  significantly  lower  temperatures  than 
those  used  presently  (1 100-1200PC)  (4).  The  present  study  was  carried  out  to  investigate  the  temperature  dependence 
of  the  graphitization  index  of  the  filaments. 

The  present  report  is  provisional,  of  work  that  is  not  yet  complete. 

Experimental  Details 

Filaments  were  grown  by  the  methods  described  in  Ref.  1.  Substrates  were  either  a  fine-grain  nuclear 
graphite  or  single-crystal  silicon.  Table  1  lists  the  runs  that  were  carried  out.  Nickel  w«*s  used  as  the  catalyst  in  all 
cases,  5:1  hydrogen:acetylene  for  the  reaction  gas. 

After  growth  the  filaments  were  studied  using  x-ray  diffractometer  techniques.  The  surfaces  we"re  also 
studied  in  a  Phillips  505  scanningelectron  microscope  to  verify  that  filaments  had  grown.  Efforts  are  being  made 
to  obtain  diffraction  patterns  using  transmission-electron  microscopy,  but  this  study  is  not  complete. 

Experimental  Results 

Filaments  were  grown  successfully  on  graphite  substrates  from  700- 
1000”C,  Diffractometer  traces  of  the  filaments  did  not  reveal  (002)  diffraction  lines  consistent  with  earlier  findings 
(1). 

Filaments  grew  on  silicon  substrates  between  700-800PC.  The  diffractometer  traces  of  these  filaments  showed 
well-developed  (G02) 

lines,  whereas  those  grown  at  850°C  did  not.  The  diffractometer  traces  of  filaments  grown  at  900"C  could  be 
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indexed  on  the  basis  of  SiC  (5).  No  filament  growth  occurred  at  950c 

C  or  1000°C,  but  a  thin  film  of  SiC  was  formed  on  the  substrate.  Preliminary  results  using  electron  diffraction 
suggest  that  the  900°C  filaments  are  not  SiC,  but  further  results  are  necessary  to  establish  this  definitively. 

Discussion  of  Results 

The  present  results  suggest  that  graphitic  filaments  can  be  grown  on  silicon  substrates  over  a  limited  range 
of  temperature  (-700-800‘C).  One  possible  model  for  their  growth  is  postulated  by  us  as  follows: 

1.  Graphitic  filaments  grown  on  graphite  substrates  at  temperature  >H50PC-  are  associated  with  liquid 
catalyst  particles.  Carbontransition  metal  eutectics  are  above  this  temperature  (7),  so  that  either  impurities  or  the 
effect  of  small  particle  size  must  be  responsible  for  depressing  the  eutectic  temperature  below  its  normal  value. 
(Alternatively,  the  dehydrogenation  reaction  heats  up  the  catalyst  particle,  but  this  coul  only  bege  temperature  rise 
is  too  small  (8).)  These  filaments  aretubular  in  structure  with  a  hollow  core  (9,10). 

2.  Filaments  grown  on  grapuite  substrates  below  about  1 100°C  have  solid  catalyst  particles.  The  facets  of 
the  catalyst  particles  favoring  growth  inhibit  the  formation  of  graphene  layer  tubes.  A  herringbone  structure  results 
(see  discussion  in  Section  4)  consistent  with  electron  diffraction  examination  (11).  The  small  dimensions  of  the 
graphene  layers  prevent  the  development  of  strong  (002)  x-ray  diffractions. 

3.  The  growth  of  partially  graphitic  filaments  at  relatively  low  temperature  on  silicon  substrates  is  related 
to  the  depression  of  the  catalyst  particle  eutectic  below  the  reaction  temperature,  so  that  it  is  in  a  liquid-like  state. 
The  eutectic  may  again  be  depressed  below  its  normal,  bulk,  value  by  the  small  particle  size  and  by  the  presence 
of  both  carbon  and  silicon  in  the  metal. 

4. The  formation  of  silicon  carbide  inhibits  the  growth  of  carbon  filaments  from  liquid-like  catalyst  particles 
at  higher  temperature. 

Several  experiments  can  be  carried  out  to  test  these  hypotheses.  The  most  valuable  would  be  to  carry  out 
structural  investigations  at  the  temperature  of  the  reaction,  but  this  may  not  be  possible.  A  more  accessible 
experiment  would  be  to  utilize  transition  metal  alloys  as  catalysts  and  to  investigate  the  structural  evolution  of 
filaments  at  room  temperature  as  a  function  of  the  reaction  temperature.  A  systematic  study  of  this  kind  could  find 
a  direct  correlation  between  the  eutectics  (bulk)  and  the  reaction  thresholds  for  production  of  graphitic  filaments. 
One  interesting  possibility  mentioned  above  is  that  the  small  particle  size  lowers  the  eutectic  temperature,  it  would 
be  interesting  to  investigate  this  experimentally.  This  may  be  done  using  magnetic  measurements.  Also,  models  of 
the  melting  could  be  developed  as  a  function  of  particle  size. 

Finally,  it  may  be  possible  to  check  the  ideas  proposed  here  using  computer  simulation  techniques.  These 
simulations  are  planned  for  the  future. 
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I able  1. 

Experimental  details  of  runs. 


Catalyst:Nickel,  evaporated  onto  substrates  to  thickness  of  0.2  mm 

Reaction  gas:  5:l,H2/acetylene 

Graphite  substrate:  Poco  ZXF-50 

silicon;  (100)  orientation  from  Monsanto;  p-doped  with  boron;  resistivity 
30pm  (Lot  #9808  SN  190.063312) 

Furnace  purge  gas:  Ar/H2  see  Ref.  1) 

Furnace  profile:  See  Ref.  1 

Reaction  temperature:  700,  750,  800,  850,  900,  950,  1000,  ±5  K 
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ABSTRACT 

Transmission  Electron  Microscopy  (TEM)  has  been  used  to  study  carbon  filaments  grown  from  ferrocene  based  iron 
catalyzed  decomposition  of  benzene.  Ferrocene  was  introduced  into  a  Catalytic  Chemical  Vapor  Deposition 
(CCVD)  reactor  by  sublimation  in  a  hydrogen  carrier  gas.  Vaporized  benzene  was  admitted  to  the  CCVD  reactor 
also  in  a  hydrogen  carrier  gas  concurrent  with  the  ferrocene. 

Carbon  filaments  grown  by  this  method  had  the  desired  length  and  width  characteristics  for  obscuration 
research.  However,  their  structure  was  poorly  organized  with  inclusions  of  many  iron  catalyst  particles  and  filament 
branching. 
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INTRODUCTION 


The  use  of  vaporizable  organometallic  substances  as  precursors  of  metallic  catalysts  has  been  recognized 
by  various  researchers  for  some  time.1,2,3,4,5,6,7  The  advantage  of  catalysts  derived  from  organometallic  compounds 
is  the  small  diameter  of  catalytic  particles  obtained.  These  small  diameter  catalytic  particles  in  turn  catalyze  the 
formation  of  small  diameter  carbon  filaments. 

The  objective  of  our  research  was  to  grow  straight,  submicron  carbon  filaments  with  aspect  (length  to 
width)  ratios  >  1000.  Previous  work  by  Schmitt8  found  filament  morphology  to  be  dependent  upon  choice  of 
catalyst.  Iron  catalysts  gave  straight  filaments,  while  the  use  of  nickel  and  other  catalysts  resulted  in  a  variety  of 
vermicular  forms  of  filaments.  Ferrocene,  (CsH3)2Fe,  was  chosen  as  the  catalyst  precursor  because  its  sublimation 
around  100°C  provided  a  convenient  method  of  introducing  iron  into  the  CCVD  reactor. 

Filaments  grown  by  Schmitt  on  iron  by  the  catalytic  decomposition  of  acetylene  had  diameters  of  several 
micrometers  and  aspect  ratios  of  _  100.  To  obtain  submicron  filaments  it  was  necessary  to  not  only  change  catalyst 
precursors  but  also  hydrocarbons.  Baker  and  Harris7  determined  that  as  hydrocarbon  saturation  increased,  filament 
diameter  decreased.  Benzene  produced  filaments  with  the  desired  diameters  in  several  studies,  including  a  process 
described  by  Hatano  et.  al.5,  and  therefore  was  selected  to  replace  acetylene  as  the  process  hydrocarbon. 

A  discussion  of  experimental  methods  and  results  of  structural  studies  using  TEM  is  presented  for  carbon 
filaments  grown  from  the  catalytic  chemical  vapor  deposition  of  benzene  on  iron  catalyst  derived  from  ferrocene. 

EXPERIMENTAL 


The  CCVD  reactor  used  to  perform  the  experiments  was  essentially  the  same  as  described  by  Schmitt8. 
Modifications  included  the  addition  of  a  bubbler  for  the  vaporization  of  benzene,  a  new  inlet  cap  which  minimized 
the  distance  from  the  ferrocene  source  to  the  reactor  tube  to  prevent  solidification  of  the  ferrocene  in  inlet  lines, 
and  new  reactor  tubes  and  end  caps.  Figure  1  shows  the  schematic  representation  of  the  complete  CCVD  reactor 
system. 

Materials 

All  process  gases  were  manufactured  by  General  Air.  The  process  gases  used  and  their  purities  were: 
hydrogen  (99.9998%,  4.5  um  prepurified),  helium  (99.998%),  and  air  (breathing  quality).  Fisher  Scientific 
spectroscopic  grade  benzene  provided  the  hydrocarbon  source.  Aldrich  Chemical  ferrocene  functioned  as  the 
organometallic  catalyst  precursor. 

Procedure 

Both  the  benzene  bubbler  and  flask  containing  ferrocene  were  weighed  before  beginning  the  experiment. 
All  connections  to  the  system  were  made,  isolating  the  entire  system  from  the  atmosphere.  Bypass  valves  were 
opened  on  the  ferrocene  flask  and  benzene  bubbler.  The  gas  manifold,  reactor  tube,  and  connecting  lines  were  then 
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evacuated  to  a  pressure  of  <  10‘2  Torr  as  measured  by  an  ion  gauge  at  the  inlet  of  the  turbo  pump.  The  reactor 
tube  was  subsequently  isolated  from  the  system.  The  bypass  valves  on  the  ferrocene  flask  and  benzene  bubbler  were 
opened  and  both  vessels  were  brought  to  atmospheric  pressure  in  helium.  The  bypass  valves  were  again  closed  and 
the  lines  evacuated  to  a  pressure  of  <  10'5  Torr.  This  procedure  was  repeated  several  times  to  completely  purge 
the  system  of  oxygen  and  other  contaminants.  The  system  was  pressurized  to  above  local  atmospheric  pressure 
(.630  Torr)  in  helium,  then  vented  to  the  atmosphere.  The  reactor  tube  was  heated  to  1000°C  by  the  furnace.  This 
temperature  was  monitored  by  a  thermocouple  placed  at  the  furnace  center,  between  the  heating  element  and  reactor 
tube.  The  thermocouple  provided  feedback  to  the  programmable  temperature  controller.  The  benzene  bubbler  was 
maintained  at  30°C  in  a  water  bath  of  sufficient  volume  to  minimize  temperature  transients.  The  ferrocene  flask 
was  heated  to  150°C  with  a  heating  mantle  controlled  by  a  variac.  When  the  reactor  reached  1000°C,  hydrogen  was 
admitted  to  the  benzene  bubbler  and  ferrocene  flask  at  20  seem.  These  conditions  were  sustained  for  1  hour.  The 
reactor  tube  was  cooled  to  room  temperature  in  helium.  The  ferrocene  flask  and  benzene  bubbler  were  weighed 
and  usage  of  ferrocene  and  benzene  was  calculated.  Typical  usage  of  ferrocene  was  0.1  grams  with  0.8  grams  of 
benzene  expended. 

RESULTS 

The  observation  of  the  inside  of  the  reactor  tube  after  a  run  showed  three  distinct  regions  of  carbon 
deposits.  Filamentous  carbon  grew  in  dense  mats  from  the  inlet  side  of  the  heated  zone  for  approximately  2  inches. 
The  middle  4  inches  of  the  heated  zone  was  coated  with  a  shiny  layer  of  graphitic  carbon.  The  third  region 
mirrored  the  inlet  and  occurred  for  2  inches  before  the  outlet  of  the  heated  zone  of  the  reactor  tube.  Samples  were 
removed  from  the  reactor  tube  by  moistening  the  deposits  with  absolute  ethanol  followed  by  scraping.  The  samples 
were  suspended  in  absolute  ethanol  and  applied  dropwise  to  Formvar  coated  copper  TEM  grids. 

Figures  3-6  depict  carbon  filaments  typical  of  the  process.  The  micrographs  were  taken  on  a  Philips  EM 
400T  Transmission  Electron  Microscope  used  for  the  structural  analysis  of  the  carbon  filaments.  Average  width 
of  the  filaments  is  0.07  um.  Due  to  the  extreme  amount  of  filament  intertwining  exhibited  an  estimation  of  length 
is  difficult.  Also,  since  the  aspect  ratio  is  high  and  the  diameters  small,  a  micrograph  could  not  be  made  in  which 
individual  filaments  were  distinct.  However,  several  shorter  distinct  filaments  were  measured  with  lengths  of 
approximately  50  um.  This  yields  a  lower  bound  of  700:1  for  the  aspect  ratio  of  the  carbon  filaments. 

CONCLUSIONS 

The  three  regions  of  carbon  deposition  in  the  reactor  tube  can  be  explained  by  figure  2.  The  reactor 
temperature  profile  shows  that  filament  growth  occurred  in  regions  of  the  reactor  tube  that  were  between  _800  - 
950°C  Graphitic  carbon  growth  proceeded  in  the  middle  of  the  reactor  tube,  at  temperatures  of  _950  -  1000°C. 

Figure  3  shows  the  intertwining  nature  of  the  filaments  as  grown.  Clumps  of  polycrystalline  graphite  are 
also  visible  in  the  micrograph.  These  polycrystalline  masses,  as  well  as  amorphous  carbon,  are  found 


86 


simultaneously  in  the  sample  of  carbon  filaments. 

Figure  4  depicts  similar  carbon  filaments  at  an  higher  magnification.  Dark  specks  are  visible,  imbedded 
within  the  filaments.  Figure  5  is  a  carbon  filament  with  these  darker  areas  more  clearly  illustrated.  These  areas 
are  either  graphitic  inclusions,  somewhat  rectangular  appearing,  or  iron  catalyst  particles,  which  are  more  round. 
When  catalyst  particles  are  embedded  within  filaments  several  types  of  behavior  can  occur.  Most  commonly 
observed  is  a  change  in  the  direction  of  filament  growth.  This  is  seen  in  figure  5.  Branching  of  filaments  is  also 
frequently  seen.  Multiple  catalyst  particles  are  often  found  in  carbon  filaments  as  evidenced  by  figure  6. 

Based  on  the  structure  of  the  filaments,  including  many  catalytic  particle  inclusions  and  the  mycelium-like 
growth,  it  can  be  concluded  that  carbon  filaments  grown  by  this  method  are  inferior  to  catalytic  particle  seeded 
substrate  derived  carbon  filaments  for  obscuration  research. 

RECOMMENDATIONS 

Although  carbon  filaments  grown  by  the  discussed  method  are  unsuitable  for  obscuration  there  may  be 
many  applications  for  such  filaments.  The  filaments  high  aspect  ratios  and  small  diameters  make  them  attractive 
for  numerous  services.  Carbon-resin  and  carbon-carbon  composites  are  two  examples  of  possible  applications. 
Electromagnetic  radiation  shielding  and  heat  transfer  mediums  are  further  suggestions  for  continued  lesearch. 
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FIGURE  CAPTIONS 
Fig.  1.  Reactor  Schematic. 

Fig.  2.  Reactor  Temperature  Profile.  Negative  position  indicates  reactor  tube  inlet,  positive  position  indicates 
reactor  tube  outlet. 

Fig.  3.  Carbon  filaments  and  polycrystalline  graphite  deposits.  13,000x,  80  kV 
Fig.  4.  Carbon  filaments  with  common  inclusions.  28,000x,  80  kV 

Fig.  6.  Carbon  filament  with  graphitic  inclusions  (darker  rectangles)  and  catalytic  iron  particle  (dark  oval).  Note 
the  change  in  the  direction  of  growth  at  the  catalytic  particle.  220,000x,  80  kV 
Fig.  7.  Carbon  filament  showing  fine  structure  and  embedded  multiple  iron  particles.  410,000x,  80  kV 
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ABSTRACT 


Scanning  Electron  Microscopy  (SEM)  and  Energy  Dispersive  X-Ray  Spectroscopy  (EDS)  have  been  used  to  study 
carbon  filaments  grown  from  different  iron  salts  by  Catalytic  Chemical  Vapor  Deposition  (CCVD).  The  effects 
upon  linear  growth  of  an  additive,  calcium,  and  several  substrates  was  also  investigated. 

The  morphology  of  the  carbon  filaments  was  found  to  be  dependent  on  all  three  items  -  catalyst  salt,  the 
addition  of  calcium,  and  substrate  choice. 
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INTRODUCTION 


Although  an  immense  amount  of  research  has  focused  on  the  growth  of  carbon  filaments,  little  has  been 
done  to  study  the  effects  of  catalyst  starting  materials  or  substrate/catalyst/carbon  filament  interactions.  The 

objectives  of  this  study  were  to  obtain  straight,  submicroncarbon  filaments  with  length  to  diameter  ratios  greater 
than  1000  and  to  obtain  sufficient  quantities  to  allow  physical  characterization  of  the  filaments. 

Work  by  Schmitt1  on  the  iron/acetylene  system,  using  highly  oriented  pyrolytic  graphite  (HOPG)  as 
substrates  to  support  the  catalyzed  filament  growth,  yielded  desirable  filaments.  These  filaments  were  on  the 
average  5  urn  in  diameter  and  had  aspect  ratios  of  less  than  100.  Although  the  filaments  were  very  straight  it  would 
be  necessary  to  decrease  the  diameter  and  increase  the  aspect  ratio  of  the  filaments.  Additionally,  the  density  of 
the  filaments  per  substrate  required  an  increase  over  the  average  10  filaments  per  cm2  observed  to  meet  the  stated 
goals. 

A  discussion  of  experimental  methods  and  the  results  of  experiments  to  determine  the  effects  of  catalyst, 
the  addition  of  calcium,  and  choice  of  substrate  is  presented  with  analyses  of  the  carbon  filaments  by  SEM  and 
EDS. 

EXPERIMENTAL 

Equipment 

Preliminary  experiments  were  performed  on  the  CCVD  system  described  by  Schmitt1.  The  remainder  of 
the  experiments  were  carried  out  on  the  modified  CCVD  reactor  described  previously2. 

Materials 

All  process  gases  were  manufactured  by  General  Air.  The  process  gases  used  and  their  purities  were: 
hydrogen  (99.9998%,  4.5  um  prepurified),  helium  (99.998%),  acetylene  (grade  2.6),  and  air  (breathing  quality). 
Fisher  spectroscopic  grade  benzene  provided  another  hydrocarbon  source.  Mallinckrodt  Chemical  Works 
FeS047H20  and  Fisher  Scientific  CaCI2-2H20  were  used  to  prepare  substrates. 

Procedure 

The  procedure  for  the  preliminary  experiments  was  the  same  as  that  used  by  Schmitt  in  growing  filaments 
from  the  iron/acetylene  system  on  HOPG1.  The  procedure  consisted  of  inserting  one  to  three  substrates  into  the 
reactor  tube  and  pumping  the  system  down  to  less  than  10'5  torr,  then  bringing  the  system  to  atmospheric  pressure 
with  He  and  heating  the  system  to  1000°C  in  He.  H2  replaced  the  He  for  a  10  minute  reduction  period,  after  which 
C2H2  was  admitted  to  the  reactor.  The  H2  and  C2H2  flows  were  maintained  for  1  hour,  then  they  were  replaced  with 
He  and  the  system  cooled  to  room  temperature.  Other  experiments  utilizing  benzene  as  the  hydrocarbon  use  a 
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procedure  similar  to  the  above.  With  the  addition  of  a  bubbler  for  benzene  it  was  necessary  to  purge  the  bubbler 
to  remove  any  dissolved  atmospheric  gases.  This  was  accomplished  by  repeatedly  pumping  on  tne  bubbler  to  a 
pressure  of  less  than  10'2  torr  and  re-pressurizing  the  bubbler  to  local  atmospheric  pressure  with  H2. 

HOPG  substrates  were  seeded  by  dipping  them  into  a  supersaturated  FeCl2xH20  solution  by  Schmitt. 
Additional  substrates  were  prepared  by  spraying  a  solution  of  FeS04  7H20  and  CaCl2  2H20  onto  heated  HOPG  and 
quartz  substrates.  The  substrates  were  stored  in  a  desiccator  until  used. 

Scanning  Electron  Microscopy  was  performed  on  a  Philips  505  SEM  equipped  with  a  Kevex  x-ray  analysis 
unit  and  EDAX  polymer  windowed  x-ray  detector. 

RESULTS 

The  substrates  used  by  Schmitt  were  dipped  in  a  solution  containing  FeCl2  xH20  as  the  iron  salt.  Research 
by  Egashira  et  al.3,4  has  shown  that  halogens  inhibit  the  growth  of  carbon  Filaments,  while  sulfur  or  sulfur 
compounds  enhance  Filament  growth.  In  an  effort  to  increase  the  aspect  ratio  of  the  Filaments  FeS04  7H20  replaced 
FeCl2xH20  during  substrate  preparation.  The  First  substrates  prepared  from  a  supersaturated  solution  of 
FeS047H20  yielded  such  dense  growth  that  Filaments  were  indistinguishable  from  one  another.  Ensuing  substrates 
were  prepared  using  an  2.9xl0'3  molar  solution  (0.8  g/1)  of  FeS047H20  applied  by  spraying  onto  the  substrates. 
Examples  of  the  resulting  Filaments  are  illustrated  in  Figures  1  -  3.  A  higher  density  of  Filaments  in  range  of  0.1 
to  6.5  mm  long  and  5  urn  in  diameter  was  obtained  with  the  new  seeding  method.  If  the  catalyst  solution  is  not  used 
immediately,  a  precipitate  forms  upon  cooling.  To  prevent  the  precipitate,  2.72  ml  concentrated  HN03  was  added 
to  the  solution. 

Figures  4-7  show  a  serendipitous  finding.  Figures  4  and  5  are  micrographs  of  two  iron  catalyst  particles 
separated  by  _25  urn.  Figure  6  is  an  EDS  spectrum  of  the  catalyst  particle  in  Figure  4,  with  the  cross-hairs 
indicating  the  region  from  which  the  spectrum  arises.  The  large  escape  peak  indicates  the  sample  is  composed 
mostly  of  carbon,  from  the  graphite  substrate,  plus  iron.  Figure  7  is  an  EDS  spectrum  of  the  catalyst  particle  in 
Figure  5  which  has  a  5  urn  diameter  by  6.5  mm  long  Filament  growing  from  it.  This  spectrum  indicates  the  presence 
of  carbon,  aluminum  (from  the  aluminum  stub  on  which  the  sample  is  glued),  iron,  and  calcium.  Filaments  of  such 
length  were  seen  to  always  emanate  from  catalyst  particles  containing  calcium  whereas  pure  iron  catalyst  particles 
grew  shorter  or  no  Filaments.  This  occurred  on  many  samples.  Calcium  was  not  found  in  the  chemical  analysis 
of  the  FeS047H20  nor  was  it  present  during  any  other  phase  of  preparation  in  materials  or  apparatus.  Calcium 
containing  samples  were  found  to  have  been  prepared  without  gloves  and  calcium  containing  catalyst  particles  were 
most  frequently  found  about  the  periphery  of  the  substrates.  The  source  of  calcium  was  hypothesized  to  be  the 
Finger  tips  of  the  substrate  preparer,  although  this  was  not  substantiated. 

To  increase  the  percentage  of  longer  Filaments  calcium  was  added  to  the  catalyst  solution  at  the  rate  of  0.08  g 
CaCl22H20  per  liter  H20  along  with  the  0.8  g  FeS047H20. 

To  grow  Filaments  of  smaller  diameters  it  was  necessary  to  change  the  hydrocarbon  source.  Baker  and 
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Harris5  and  Hatano  et  al.6  found  benzene  to  grow  filaments  with  diameters  in  the  desired  submicron  range. 
Following  their  lead  acetylene  was  replaced  by  benzene  as  hydrocarbon  source.  Figures  8  and  9  are  typical  of 
filaments  grown  from  the  iron  catalyzed  decomposition  of  benzene  on  HOPG.  Typical  diameters  were  0.33  um  and 
lengths  of  greater  than  0.15  mm  were  common,  giving  aspect  ratios  greater  than  500. 

Observation  of  catalyst  seeded  HOPG  substrates  by  SEM,  before  and  after  reduction  in  H2  at  1000°C  for 
10  min. ,  indicated  that  the  iron  catalyst  was  disappearing  from  the  surface  of  the  substrate.  This  disappearance  was 
thought  to  be  caused  by  the  diffusion  of  iron  into  the  HOPG  and  the  formation  of  iron  carbides.  The  lack  of  a  large 
amount  of  active  iron  catalyst  on  the  surface  of  the  HOPG  precludes  the  growth  of  carbon  filaments  in  sufficient 
numbers  to  make  HOPG  a  suitable  substrate. 

Quartz  was  chosen  as  a  substrate  material  because  it  is  fairly  inert  and  could  withstand  growth 
temperatures.  Density  of  filaments  on  quartz  substrates  was  much  higher  than  on  HOPG  substrates  as  shown  in 
figure  10.  The  catalyst  solution  application  rate  on  quartz  was  half  that  of  HOPG.  This  was  necessary  to  permit 
SEM  analysis  of  the  carbon  filaments.  Figure  10  also  illustrates  a  morphological  difference  between  carbon 
filaments  grown  on  HOPG  and  quartz  substrates:  quartz  based  filaments  are  not  as  straight  as  ones  grown  on 
HOPG.  Filament  diameters  are  approximately  equal  on  both  substrates.  Lengths  are  shorter,  but  more  uniform, 
on  quartz.  Figures  1 1  through  14  are  the  results  of  an  experiment  on  the  effect  of  Ca  to  Fe  ratio  on  filament  length. 
Table  1  gives  the  ratio  of  Ca  to  Fe  and  filament  lengths  obtained. 

Table  1 

T  =  1000°C,  T  QHa  =  30°C,  P  _  630  torr,  run  time  =  1  hr. 

substrate  =  quartz 

Run  FeS04  7H:0/CaClv2Hj0  H2  L  D 

(wt/wt)  (g/hr)  (seem)  (um)  (um) 


CA1 

5:1 

0.9 

40 

6.5 

0.24 

CA2 

2.5:1 

0.8 

40 

21.7 

0.43 

CA3 

1.67:1 

1.1 

40 

40.9 

0.45 

CA4 

1.25:1 

0.8 

40 

43.5 

0.45 

CONCLUSIONS 

Carbon  filaments  of  submicron  diameters  and  high  aspect  ratios  can  be  grown  from  the  benzene/iron/quartz 
system.  Reasons  why  submicron  diameters  are  obtained  from  benzene  and  not  acetylene  may  be  the  gas  phase 
polymerization  of  acetylene  at  growth  temperatures,  the  difference  in  rates  of  formation  of  critical  precursors,  or 
a  combination  of  the  two.  Baker  and  Harris5  present  evidence  from  literature  and  research  to  support  stepwise 
decomposition  of  hydrocarbons.  They  also  mention  that  no  conclusive  studies  have  been  made  to  identify  the 
precursor  responsible  for  filament  growth.  The  rate  of  precursor  formation  by  stepwise  decomposition  of  acetylene 
would  be  higher  since  the  molecule  is  smaller  than  the  benzene  molecule.  Since  this  is  an  uncatalyzed 
decomposition  the  filament  diameter  is  also  higher  with  acetylene  than  with  benzene.  Identification  of  specific 
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precursors  would  be  beneficial  in  that  linear  filament  growth,  which  is  catalytic,  and  the  increase  in  diameter,  which 
is  pyrolytic,  may  be  caused  by  two  different  precursors.  Controlling  the  ratio  of  these  precursors  would  allow 
precise  control  of  filament  dimensions. 

The  increase  in  density  of  filaments  on  HOPG  substrates  by  using  FeS0/7H20  instead  of  FeCl2  xH20  is 
believed  to  be  due  to  the  difference  in  the  method  of  catalyst  solution  application,  rather  than  a  fundamental 
difference  in  catalyst  salt  chemistry. 

Denser  growth  of  filaments  on  quartz  occurs  since  more  catalytic  iron  particles  remain  on  the  surface  of 
the  quartz.  Simple  diffusion  of  iron  into  the  grain  boundaries  of  HOPG  may  not  adequately  explain  the  loss  of  iron 
observed  from  HOPG  substrates.  The  mechanism  of  iron  loss  is  discussed  in  section  ?  of  this  report. 

The  difference  in  filament  morphology  on  the  two  substrates  may  be  due  to  differences  in  the  layer  of 
carbon  that  forms  on  quartz  HOPG  substrates.  Carbon  filaments  grow  by  extrusion  from  catalytic  particles  which 
remain  on  the  surface  of  the  substrate.  This  mode  of  growth  was  verified  by  EDS  and  TEM  of  filament  tips,  which 
were  shown  to  contain  no  iron.  Comparing  catalyst  particles  in  figures  1  -  5  to  figure  15  this  layer  can  be  seen. 
The  quartz,  with  its  higher  surface  density  of  iron  catalyst,  appear  to  more  rapidly  deposite  non-filamentous  carbon. 
As  the  layer  builds  up  on  the  catalyst  particle  the  diffusion  of  reactants  to  the  surface  may  become  limited 
preferentially  such  that  one  side  of  the  filament  grows  more  quickly,  hence  curved  filaments.  Finally  the  layer 
thickness  becomes  great  enough  to  extinguish  filament  growth.  Calcium  caused  a  liquid  interface  between  the  iron 
catalyst  particle  and  carbon  deposits  that  eventually  terminate  filament  growth.  By  floating  off  these  deposits 
calcium  extends  the  growth  time  and  therefore  the  length  of  the  carbon  filaments. 

RECOMENDATIONS 

A  detailed  study  to  identify  the  precursors  responsible  for  filament  lengthening  and  diameter  increase  may 
provide  key  information  for  the  controlled  growth  of  CCVD  filaments. 

The  identification  of  the  mechanism  by  which  calcium  increases  filament  length  should  be  made.  In 
addition,  other  compounds  with  properties  similar  to  calcium  should  be  sought. 
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FIGURE  CAPTIONS 

Fig.  1.  SEM  of  RUN  FS4.  Carbon  filaments  on  HOPG  substrate  from  C2H2/Fe.  T=  KXXFC,  t  =  1  hr,  H2  = 
33.3  seem,  C2H2  =  6.7  seem,  P  =  630.3  torr,  catalyst  =  FeS047H20. 

Fig.  2.  SEM  of  RUN  FS3.  Carbon  filament  and  iron  catalyst  particles.  T=  1000°C,  t  =  1  hr,  H2  =  33.3  seem, 
C2H2  =  6.7  seem,  P  =  630.3  torr,  catalyst  =  FeS04  7H20,  HOPG  substrate. 

Fig.  3.  SEM  of  RUN  FS3.  Higher  magnification  view  of  filament  and  catalyst  particle  in  figure  2. 

Fig.  4.  SEM  of  RUN  FS4.  Two  iron  catalyst  particles,  one  growing  a  filament  6.5  mm  by  5  um.  Cross-hairs 
indicate  location  of  EDS  analysis. 

Fig.  5.  SEM  of  RUN  FS4.  The  same  filament  and  catalyst  particle  pictured  in  figure  4,  with  cross-hairs  showing 
the  location  of  EDS  analysis. 

Fig.  6.  X-ray  spectrum  of  the  catalyst  particle  in  figure  4. 

Fig.  7.  X-ray  spectrum  of  the  catalyst  particle  with  filament  in  figure  5. 

Fig.  8.  SEM  of  RUN  B4.  Benzene  derived  filament  (BDF).  T  =  1000°C,  T  C6H6  =  30°C,  t  =  1  hr,  H2  =  40 
seem,  C6H6  =  0.8  g,  P  =  629.8  torr,  catalyst  =  FeS0/7H20,  HOPG  substrate. 

Fig.  9.  SEM  of  RUN  B4.  Lower  magnification  view  of  the  filament  pictured  in  figure  8. 

Fig.  10.SEM  of  RUN  B17.  Morphology  and  density  of  filaments  on  quartz  substrate.  T  =  lOfKTC,  T  C6H6  = 
30°C,  t  =  2.5  hr,  H2  =  40  seem,  C6H6  =  0.72  g/hr,  P  =  633.3  torr,  catalyst  =  FeS0/7H20. 
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Fig.  ll.SEM  of  RUN  CA1.  FeS0/7H20  to  CaCl22H20  =  5:1,  T  =  1000°C,  T  =  30°C,  t  =  1  hr,  H,  = 
40  seem,  CgHj  =  0.9  g/hr,  P  =  630. 1  torr,  quartz  substrate. 

Fig.  12.SEM  of  RUN  CA2.  FeS047H20  to  CaCl22H20  =  2.5:1,  T  =  1000°C,  T  C6H6  =  30°C,  t  =  1  hr,  H2  = 
40  seem,  C6H6  =  0.8  g/hr,  P  =  630.1  torr,  quartz  substrate. 

Fig.  13.SEM  of  RUN  CA3.  FeS047H20  to  CaCl22H20  =  1.67:1,  T  =  1000°C,  T  C6H6  =  30°C,  t  =  1  hr,  H2 
=  40  seem,  C6H6  =  1.1  g/hr,  P  =  627.4  torr,  quartz  substrate. 

Fig.  14.  SEM  of  RUN  CA4.  FeS047H20  to  CaCl22H20  =  1.25:1,  T  =  1000°C,  T  C«H6  =  30°C,  t  =  1  hr,  H2 
=  40  seem,  C6H,s  =  0.8  g/hr,  P  =  632.8  torr,  quartz  substrate. 

Fig.  15.  SEM  of  RUN  B18.  Micrograph  of  a  BDF  and  iron  catalyst  particle  showing  carbon  coating  of  quartz 
substrate.  T  =  lOOO'U,  T  C6H6  =  30°C,  t  =  0.5  hr,  H2  =  40  seem,  C6H6  =  1.0  g/hr,  P  =  633.7  torr. 
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ABSTRACT 

A  matrix  of  growth  times  and  partial  pressures  of  reactants  was  used  to  optimize  the  length  to  diameter  ratio  of 
benzene  derived  carbon  filaments  grown  on  quartz  substrates  and  iron  catalyst.  Filaments  were  grown  in  a  CCVD 
reactor  from  benzene  and  hydrogen  at  1000°C.  Filament  diameters  increased  with  time  and  increasing  partial 
pressure  of  benzene.  Filament  length  also  increased  with  growth  time,  but  went  through  a  local  minimum  then  a 
local  maximum  as  the  partial  pressure  of  benzene  increased.  A  theory  for  the  role  of  hydrogen  in  the  catalytic 
chemical  vapor  deposition  of  carbon  filaments  is  presented  along  with  a  theory  for  the  vermicular  growth  of 
filaments  on  quartz  substrates. 
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INTRODUCTION 


In  order  to  achieve  the  objectives  of  the  project,  to  grow  straight  submicron  diameter  carbon  filaments  diameter 
ratios  greater  than  1000  and  to  obtain  sufficient  quantities  to  allow  physical  characterization  of  the  filaments,  any 
catalysts, reactants,  and  substrates  were  investigated  [1,2,3]. 

The  system  showing  results  most  consistent  with  the  stated  objectives  was  found  to  be  the  following: 

Reactants  -  Hydrogen  and  benzene 

Catalyst  -  FeS04.7H20  and  CaCl2  2H20 

Substrate  -Quartz  =  Reaction  Temperature  -  1000°C 

An  experimental  matrix  was  designed,  using  this  system,  to  optimize  carbon  filament  characteristics. 
Results  of  the  matrix  gave  filaments  with  diameters  as  small  as  0.12  /im  and  aspect  ratios  of  up  to  416  with  growth 
times  of  one  hour. 

The  experimental  details  of  the  matrix  and  results  are  discussed,  also  theories  for  the  role  of 
hydrogen  and  the  vermicular  growth  of  filaments  on  quartz  are  presented. 

EXPERIMENTAL 

Equipment 

The  experiments  were  carried  out  in  the  modified  CCVD  reactor  described,  in  detail,  previously[2].  The 
system  was  comprised  of  a  quartz  reactor  tube,  a  resistance  furnace,  a  gas  mixing  manifold,  a  temperature 
controlled  benzene  bubbler,  mass  flow  controllers,  a  temperature  controller,  and  a  turbo  pump.  Materials 

All  process  gases  were  manufactured  by  General  Air.  The  process  gases  used  and  their  purities  were: 
hydrogen  (99.9998  % ,  4.5/xm  prepurified),  helium  (99.998  %),  and  air  (breathing  quality).  Fisher  spectroscopic  grade 
benzene  provided  the  hydrocarbon  source.  Mallinckrodt  Chemical  Works  FeSO4.7H20  and  Fisher  Scientific 
CaCl2.2H20  were  used  as  catalysts.  Substrates  were  quartz  glass  broken  into  pieces  with  an  area  of  2  approximately 
1  cm2. 

Procedure 

The  procedure  for  the  experiments  consisted  of  inserting  three  substrates  into  the  reactor  tube  and  pumping 
the  system  down  to  less  than  10-5  torr.  The  benzene  bubbler  was  repeatedly  pumped  down  to  a  pressure  of  less  than 
10':  torr  and  repressurized  to  local  atmospheric  pressute  with  H2  to  remove  any  dissolved  atmospheric  gases  in  the 
bubbler.  The  system  was  brought  to  atmospheric  with  He  and  then  heated  to  1000°C  in  He.  H,  replaced  the  He  for 
a  10  minute  reduction  period,  after  which  was  admitted  to  the  reactor.  The  H2  and  C6H6  flows  were  maintained 
for  1  hour,  then  they  weu  replaced  with  He  and  the  system  cooled  to  room  temperatuie. 

Substrates  were  prepared  with  catalyst  by  spraying  a  solution  of  FeSO4.7H20  and  CaCl2.2H20  onto  eated 
quartz  substrates.  The  substrates  were  stored  in  a  desiccator  until  used. 
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Scanning  Electron  Microscopy  was  performed  on  a  Philips  505  SEM  equipped  with  a  Kevex  x-ray  analysis 
unit  and  ED  AX  polymer  windowed  x-ray  detector.  Transmission  Electron  Microscopy  was  carried  out  on  a  Philips 
400T  TEM. 

RESULTS 

Table  1  shows  the  results  of  the  experiments.  The  lengths  and  diameters  are  averages  for  the  particular 
substrate.  Position  in  the  reactor  is  delineated  by  a  -1,  -2,  or  -3  after  the  run  number  with  -1  indicating  2  inches 
upstream  of  center,  -2  being  the  center  of  the  reactor,  and  -3  signifying  2  inches  downstream  of  center.  No  number 
after  the  run  number  indicates  that  the  substrate  was  placed  in  the  center  of  the  reactor. 

Figures  1  and  2  display  the  effect  of  time  on  the  diameter  and  length  of  the  carbon  filaments-  Figures  3 
and  4  are  graphs  of  the  diameter  and  length  of  the  carbon  filaments  with  the  change  in  partial  pressure  of  C6H6. 
Figures  5-13  are  photomicrographs  representative  of  each  of  the  experimental  runs  made.  Figures  14  and  15  are 
a  comparison  of  highly  oriented  pyrolytic  graphite  (HOPG)  and  quartz  substrates. 

DISCUSSION 

fhe  calculated  rate  of  reaction  from  figure  1  is,  on  the  average,  approximately  55  times  slower  than  the 
reaction  rate  calculated  from  figure  2.  The  difference  in  reaction  rates  can  be  attributed  to  the  different  growth 
mechanisms  involved. 

The  change  in  diameter  of  a  filament  with  time  is  due  to  the  pyrolytic  deposition  of  carbon  about  the 
filament,  giving  rise  to  the  observed  tree  ring  structure  of  filament  cross  sections.  The  change  in  filament  length 
with  time  is  enhanced  through  the  catalytic  action  of  the  iron  and  calcium. 

Figures  3  and  4  show  the  effect  of  increasing  the  partial  pressure  of  benzene.  Both  filament  width  (figure 
3)  and  length  (figure  4)  show  a  high  degree  of  dependence  upon  the  C6H6  partial  pressure.  Previous  experimental 
data  indicated  that  increasing  the  partial  pressure  of  the  benzene  above  the  limits  used  in  the  matrix  caused  catalyst 
fouling  by  carbon  and  no  filament  growth.  Figure  4  further  indicates  that  between  C,^  partial  pressures  of  30  - 
70  torr  there  exists  a  residence  time  effect  on  the  lengthening  of  carbon  filaments. 

The  difference  in  reaction  rates  between  filament  diameter  increase  and  lengthening  and  the  residence  time 
effect  on  filament  lengthening  point  to  the  existence  of  different  hydrocarbon  species  being  accountable  for  the 
filament  diameter  and  the  filament  length  reactions.  The  step  wise  dehydrogenation  of  the  hydrocarbon  has  been 
proposed  to  be  the  mechanism  for  carbon  filament  growth  by  many  researchers.  At  the  temperatures  studied,  a  wide 
distribution  of  hydrocarbon  fragments  is  to  be  expected.  Our  hypothesis  is  that  there  is  a  very  narrow  range  of  these 
fragments  that  is  responsible  for  the  catalytic  lengthening  of  carbon  filaments.  The  remaining  majority  of  the 
hydrocarbons  are  responsible  for  the  pyrolytic  thickening  of  filaments  and  the  deactivation  of  catalytic  sites. 

The  exact  mechanism  of  carbon  filament  formation  on  catalysts  has  not  yet  been  determined.  Evidence 
exists  for  both  of  the  two  most  popular  theories  -  that  the  carbonaceous  species  move  through  the  catalyst  particle 
under  a  concentration  or  temperature  gradient,  or  the  carbon  moves  across  the  surface  of  the  catalyst  particle  and 
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forms  filaments  at  energetically  favorable  surfaces.  In  either  case  the  ultimate  length  and  thickness  of  the  filaments 
is  highly  dependent  upon  the  degree  of  saturation  of  the  starting  hydrocarbon[4,5].  The  filament  diameter  decreases 
with  increasing  degree  of  saturation,  since  the  reaction  rate  for  thickening  decreases  as  the  degree  of  saturation 
increases.  Additionally,  saturated  hydrocarbons  produced  filaments  with  a  higher  degree  of  graphitization  and  well 
defined  outer  sheaths.  Further  evidence  for  the  hypothesis  comes  from  catalyst  deactivation  studies.  At  higher 
temperatures  the  catalyst  is  deactivated  by  the  formation  of  graphitic  layers.  Lower  temperatures  enhance  the 
formation  of  flocculent  amorphous  carbon  from  the  gas  phase  polymerization  of  the  hydrocarbon  gas  that  render 
the  catalyst  inactive[6,7].  Therefore  temperature,  as  well  as  the  starting  hydrocarbon,  has  major  effects  on  the 
growth  of  carbon  filaments  through  the  hypothesized  growth  mechanism. 

Another  vital  link  in  the  hypothesis  is  the  composition  of  the  process  gases.  A  mixture  of  90%  H2  10% 
C2H2  had  filament  formation  rates  20  times  higher  than  a  90%  N2,  10%  C2H2  mixture  [4].  Other  research  has  shown 
reduced  or  under  identical  conditions,  no  filament  growth  in  hydrocarbon/carrier  gas  systems  with  N2  [4,8,9]. 
Hydrogen  has  also  been  shown  to  reactivate  catalyst  particles  that  were  deactivated  by  carbon 
formation[4,8,9,10,ll,12]  Oxygen  will  also  reactivate  catalysts,  however  oxygen  also  thins  the  carbon  filaments  which 
does  not  occur  with  hydrogen. 

The  foregoing  discussion  provides  the  background  for  the  hypothesis  that  hydrogen  is  a  reactant  required 
for  carbon  filament  growth  and  not  just  a  carrier  gas.  Thermodynamics  of  the  reaction  between  diatomic  and 
monoatomic  hydrogen  and  a  range  of  hydrocarbons,  such  as  might  be  present  during  filament  growth,  indicate  that 
reactions  of  the  form 


Cx+Hz~CxHUz . with  =1,2 


do  not  occur  at  the  temperatures  utilized  to  grow  carbon  filaments.  However,  reactions  of  the  form 


Hy+H*>. 

(where  H*  is  a  chemisorbed  H  atom  on  the  catalyst  surface) 
can  take  place[13].  This  is  most  probably  why  carbon  filaments  are  not  thinned  by  hydrogen  at  reaction  temperatures 
-  catalytic  sites  are  not  available  along  the  length  of  the  carbon  filament.  Reactions  between  oxygen  and  carbon  or 
hydrocarbons  are  favorable  at  reaction  temperatures  in  the  absence  of  catalysts,  which  is  why  the  carbon  filaments 
are  thinned  in  the  presence  of  oxygen. 

With  the  two  hypotheses  presented  thus  far  it  is  possible  to  discuss  a  final  hypothesis  for  the  vermicular 
growth  of  carbon  filaments  on  quartz  substrates.  Figure  14  is  a  SEM  of  a  HOPG  substrate  showing  the  catalyst 
particle.  Figure  15  is  a  SEM  of  a  catalyst  particle  on  a  quartz  substrate.  The  surface  of  the  quartz  and  the  catalyst 
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particle  is  obscured  by  a  layer  of  graphitic  carbon.  This  layer  is  not  present  on  HOPG  substrates  as  it  can  diffuse 
into  the  substrate.  This  is  not  possible  on  quartz  substrates,  so  the  carbon  layer  grows  up  onto  the  catalyst  particle, 
eventually  deactivating  the  catalyst  particle  and  ceasing  filament  growth.  Due  to  differences  in  the  topography  or 
energy  of  the  catalytic  site  it  is  hypothesized  that  this  carbon  layer  is  nonuniform,  forcing  the  filament  to  grow  more 
slowly  on  part  of  its  circumference  because  of  the  imposed  diffusion  limitations.  This  gives  rise  to  vermicular 
filaments  that  are  observed  on  quartz  but  not  HOPG  substrates. 

This  hypothesis  can  be  expanded  to  other  substrates  and  catalysts.  For  example,  many  catalysts  such  as 
nickel  and  platinum  support  vermicular  carbon  filament  growth  -  even  on  carbon  or  graphite  substrates.  Both  are 
known  for  their  high  catalytic  activity.  Sites  on  these  catalysts  that  have  a  lower  rate  of  formation  of  chemisorbed 
hydrogen  may  become  occluded  rapidly  giving  rise  to  vermicular  filaments. 

RECOMMENDATIONS 

Further  work  to  identify  the  hydrocarbon  species  responsible  for  the  pyrolytic  thickening  and  the  catalytic 
lengthening  of  carbon  filaments  would  prove  extremely  valuable.  Through  control  of  the  process  variables  the 
optimal  conditions  could  be  maintained  to  achieve  carbon  filaments  with  the  desired  properties.  More  precise 
methods  for  fragmenting  the  hydrocarbon,  such  as  plasma  enhanced  CCVD,  should  also  be  investigated. 
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TABLE  1. 

EXPERIMENTAL  RUN  CONDITIONS  AND  RESULTS 


RUN 

RUN  TIME  AVERAGE  AVERAGE 

P  h2 

p  c6h6 

i 

(hr) 

L  (um) 

D  (urn) 

( torr ) 

(torr) 

B18 

0.50 

4.50 

0.14 

566.0 

67.7 

B14 

1.00 

10.00 

0.26 

579.2 

55.4 

B16 

1.50 

17.00 

0.41 

585.0 

51.1 

B21 

2.00 

20.00 

0.45 

584.1 

52.4 

B17 

2.50 

18.00 

0.45 

583.1 

50.2 

B19-1 

1.00 

20.00 

0.33 

546.9 

85.0 

B19-2 

20.00 

1.00 

B19-3 

20.00 

0.77 

B20-1 

1.00 

30.00 

0.27 

553.1 

79.3 

B20-2 

30.00 

1.00 

B20-3 

30.00 

0.73 

B23-1 

1.00 

5.00 

0.24 

566.1 

67.7 

B23-2 

10.00 

0.52 

B23-3 

10.00 

0.50 

B24-1 

1.00 

15.00 

0.14 

593.4 

42.6 

B24-2 

7.00 

0.27 

B24-3 

5.00 

0.16 

B25-1 

1.00 

10.00 

0.14 

607.4 

29.1 

B25-2 

15.00 

0.18 

B25-3 

8.00 

0.12 
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Fig.  2.  Filament  length  versus  time 
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ig.  3.  Filament  diameter  as  a  function  of  substrate  position 
and  benzene  partial  pressure. 
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Fig.  4.  Filament  length  as  a  function  of  substrate  position  and 
benzene  partial  pressure. 
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Fig.  5.  SEM  of  run  B14. 


Fig.  6.  SEM  of  run  B16. 
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Fig.  9.  SEM  of  run  B19-1. 


Fig,  10.  SEM  of  run  B20-1. 
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Fig.  13.  SEM  of  a  catalyst  particle,  with  filament,  on  a  highly 
oriented  pyrolytic  graphite  (HOPG)  substrate. 
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Fig.  14.  SEM  of  a  catalyst  particle,  with  filament,  on  a  quartz 
substrate.  Note  graphitic  carbon  layer  covering 
substrate  and  particle. 


ELECTRON  MICROSCOPE  STUDIES  OF  CARBON  FIIAMENTS 


K.  Baughman,  T.  McCormick,  C.  M.  McConica  and 
I.  L.  Spain 


Abstract 

A  program  of  study  is  underway  to  obtain  structural  information  on  CCVD  carbon  filaments.  Experimental 
methods  include  scanning  electron  microscopy,  energy-dispersive  x-ray  spectrometry,  high-resolution  transmission 
electron  microscopy,  electron  diffraction  in  both  selectedarea  and  convergent-beam  modes,  and  lattice-fringe 
imaging.  This  preliminary  report  discusses  techniques  and  some  results  on  filaments  grown  at  700  and  850°C. 
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I.  INTRODUCTION 


A  number  or  different  morphologies  of  carbon  fibers  have  been  described  in  the  literature  (e.g.,  Baird  et 
al,  1971,  Endo  et  al.,  1977,  Boellaard  et  al.,  1985),  and  several  different  mechanisms  of  growth  have  been 
proposed.  It  is  clear  that  structure  is  strongly  controlled  by  growth  conditions  including  catalyst  particle,  substrate, 
temperature,  gas  composition,  flow  rate,  etc.  A  discussion  and  some  results  were  given  in  the  previous  AFOSR 
Report  (Spain,  1986).  It  is  of  interest  to  determine  the  relationship  between  structure  of  the  carbon  fibers  and 
their  growth  conditions.  It  was  decided  to  study  the  structure  of  the  fibers  in  finer  detail  than  can  be  seen  in  the 
scanning  electron  microscope  (SEM)  to  compare  different  fibers  grown  under  different  known  growth  conditions. 

The  present  report  is  of  work  in  progress.  One  of  the  objectives  was  to  train  a  graduate  student  (Kit 
Baughman)  in  techniques  of  transmission  electron  microscopy  (TEM)  and  electron  diffraction.  This  report  outlines 
the  steps  we  have  taken  to  meet  these  objectives,  the  types  of  equipment  and  techniques  employed,  and  some 
preliminary  results. 

n.  EXPERIMENTAL  TECHNIQUES 

Structural  characterization  was  undertaken  using  both  scanning  and  transmission  electron  microscopy.  The 
SEM  used  was  a  Philips  505,  fitted  with  secondary  and  backscattered  electron  detectors  and  a  Kevex  Quantum  (thin 
polymer  window)  solid  state  detector  and  Kevex  8000  multichannel  analyzer  for  energy-dispersive  x-ray 
spectrometry  (EDS).  Substrates  upon  which  fibers  were  grown  were  generally  mounted  on  aluminum  stubs  and 
sputter-coated  with  gold  for  optimum  imaging  resolution.  Most  of  the  photomicrographs  were  taken  using 
accelerating  voltages  of  25  kV  and  filament  current  of  0.03  mA.  SEM  was  used  primarily  to  determine  the  size 
characteristics  of  fibers  after  specific  growth  experiments  and  results  are  described  by  Schmitt  et  al.  elsewhere  in 
this  report. 

The  TEM  used  was  a  Philips  400T  fitted  with  a  scanning  transmission  (STEM)  attachment  and  an  ED  AX 
solid  state  detector  and  Kevex  8000  multichannel  analyzer  for  EDS.  Most  of  the  studies  were  undertaken  with  a  100 
kV  accelerating  voltage.  Images  were  recorded  using  low-  and  high-magnification  modes,  and  high-resolution  TEM 
(HRTEM)  was  performed  to  obtain  structural  information  by  lattice-fringe  imaging.  Electron  diffraction  patterns 
were  obtained  both  in  selected-area  (S  AED)  and  convergent-beam  (CBED)  modes.  Selected-area  diffraction  employs 
parallel  illumination  and  an  aperture  to  eliminate  diffracted  electrons  from  outside  the  area  of  interest  and  can 
typically  yield  diffraction  information  from  areas  of  1  micron  or  more  in  diameter.  In  the  CBED  mode,  a  focussed 
probe  was  used  together  with  a  small  condenser  aperture  to  increase  the  resolution  of  the  diffraction  spots.  A  probe 
diameter  of  about  70  nm  allowed  diffraction  patterns  to  be  obtained  from  areas  less  than  100  nm  across.  Dark-field 
imaging  uses  one  or  more  diffracted  beams  to  form  the  ©mage  and  was  used  to  determine  the  region  of  the  sample 
contributing  to  a  particular  diffraction  pattern. 

Filaments  studied  in  transmission  were  prepared  as  follows:  Material  grown  under  known  conditions  was 
scraped  off  the  substrate  into  absolute  ethanol  and  put  in  an  ultrasonic  bath  for  several  seconds  to  several  minutes. 
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A  drop  of  the  suspension  was  then  evaporated  on  a  holey  carbon  support  film  on  a  3-mm-diameter  grid  for  TEM 
investigation.  Five  different  samples  were  studied  by  TEM  and  descriptions  of  each  of  these  samples  are  given  in 
the  following  section. 

III.  EXPERIMENTAL  RESULTS  AND  DISCUSSION 
III.  1  Standards 

A  number  of  standards  were  studied  first  to  allow  training  of  a  graduate  student  (Kit  Baughman)  who  will 
continue  to  work  in  this  area.  Polycrystalline  aluminum  and  gold  and  single  crystal  graphite  were  among  the 
materials  studied  to  allow  the  microscopist  to  gain  familiarity  with  TEM  operation,  diffraction  techniques  and 
interpretation. 

m.2  Fibers  on  Silicon  Substrates 

Material  grown  on  silicon  substrates  at  700  and  860’C  (Bowers  et  al.,  1988)  were  examined  by  TEM. 
Much  of  the  material  on  the  substrate  after  the  runs  was  flocculent  material  (Fig.  1)  that  showed  diffraction  patterns 
consistent  with  silicon  carbide.  Although  EDS  analysis  has  not  yet  been  performed  on  the  fibers  grown  on  the  silicon 
substrate,  diffraction  patterns  from  the  fibers  resemble  tubostratic  carbon  and  not  crystalline  silicon  carbide.  Further 
investigation  of  these  fibers  using  EDS  analysis  and  x-ray  and  electron  diffraction  is  currently  underway. 

m.3.  Fibers  on  Graphite  Substrates:  Sample  RK  fll 

Typical  distribution  of  size  and  morphology  of  CCVD  filaments  in  this  sample  are  shown  in  Fig.  2.  These 
were  grown  previously  (Spain,  1986,  p.  41)  at  850°C  on  a  graphite  substrate  using  a  Technical  grade  acetylene  and 
hydrogen  1:7  mixture  for  20  minutes  (total  flow  -  80  cc/min).  The  presence  of  acetone  impurities  in  the  acetylene 
may  have  had  an  effect  on  the  growth. 

In  addition  to  relatively  straight,  feathery-structured  filaments,  there  are  a  number  of  filaments  that  exhibit 
helical  morphologies.  They  appear  to  have  a  uniform  width  of  approximately  0.2  microns,  but  some  of  the  fibers 
are  helical  along  parts  of  their  length  and  straight  along  other  parts  (Fig.  3).  It  has  been  summarized  that  twisting 
can  occur  as  a  result  of  a  tilted,  solid,  catalyst  particle  (see  Baker  and  Harris, 

1978,  for  a  review).  Diffraction  patterns  showed  these  fibers  to  be  turbostratic  but  with  no  preferred  orientationdf 
feathery-structured  fibers  in  this  sample  are  composed  of  turbostratic  carbon  showing  strong  preferred  orientation. 
Figure  4  shows  typical  fibers  of  this  type  together  with  microdiffraction  patterns  (CBED)  of  either  side  of  the  fiber. 
Analyses  of  diffraction  patterns  indicate  that  graphitic  c-axes  are  oriented  more  or  less  parallel  to  the  "branches." 
These  results  are  consistent  with  observations  of  Boellaard  et  al.  (1985).  Many  of  the  fibers  show  V-shaped 
fractured  ends,  also  observed  by  Boellaard  et  al.  and  interpreted  to  be  (002)  cleavage  surfaces.  Separation  of  the 
"branches"  is  also  evident  in  many  of  the  fibers,  particularly  at  the  edges.  The  fibers  also  commonly  show  a  core 
of  less  dense  material,  or  possibly  a  hollow  core.  No  catalyst  particles  were  observed  in  these  fibers. 

Boellaard  et  al.  (1985)  proposed  a  model  for  growth  of  these  feathery  type  of  fibers  whereby  carbon  is 
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excreted  at  the  interface  between  the  fiber  and  a  solid,  conical-shaped  catalyst  particle  so  that  conical  graphitic  layers 
are  parallel  to  this  interface.  Since  the  growth  direction  is  oblique  to  the  graphite  planes,  edge  dislocations  are 
introduced.  Therefore,  these  areas  of  well-ordered  graphitic  carbon  may  be  separated  by  areas  in  which  there  is 
local  structural  disorder.  The  separation  of  the  branches  at  the  edges  of  the  fibers  may  result  from  structural 
weakness  in  these  disordered  zones. 

ITI.4  Graphite  Substrate:  Sample  #AI 

This  sample  (see  Section  II.  1  of  this  report)  was  prepared  by  passing  a  50: 1  hydrogen/acetylene  mixture 
at  600"C  over  a  AYF-5Q  graphite  substrate.  SEM  did  not  reveal  any  fiber  growth,  so  TEM  was  used  to  determine 
the  presence  of  fibers.  Very  short  fibers  were  observed  in  flocculent  material  on  the  substrate. 

III.5  Silica  Substrate:  Sample  #4 

This  sample  was  prepared  (see  Section  II.  1  of  this  report)  by  passing  a  10:1  hydrogen/acetylene  mixture 
over  powdered  silica  with  Ni  catalyst  at  850°C.  No  fibers  were  observed  in  the  TEM,  and  only  flocculent  material 
was  present. 

m.6  Graphite  Substrate:  Sample  #3-1 

Fibers  were  grown  on  AYF-5Q  graphite  substrate  using  Ni  as  a  catalyst  (see  Section  II.  1  of  this  report) 
by  passing  a  10:1  hydrogen/acetylene  mixture  over  the  substrate  at  850"C.  Very  thin  and  long  fibers  are  present 
in  this  sample  (Fig.  5),  along  with  graphitic  non-fibrous  carbon.  The  fibers  are  typically  about  25-35  nm  wide  and 
appear  to  have  hollow  cores  20-30  nm  in  diameter.  The  outer  parts  of  the  fibers  are  seen  in  Fig.  5  to  have  variable 
contrast  resulting  from  a  range  of  orientations,  the  darker  parts  being  in  a  strong  diffraction  condition.  This  suggests 
that  the  fibers  have  crystalline  edges  with  strong  preferred  orientation.  Due  to  the  reduced  thickness  of  these  fibers, 
HRTEM  was  possible.  Graphitic  fringes  (0.34  nm)  are  shown  in  Fig.  6  to  be  parallel  to  the  length  of  the  fiber. 
Some  of  the  graphite  layers  can  also  be  seen  peeling  away  from  the  wall  of  the  fiber  toward  the  center.  These  fibers 
are  similar  to  those  described  by  Baird  et  al.  (1971).  No  catalyst  particles  were  seen  in  this  sample,  although  further 
work  is  currently  in  progress. 
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FIGURE  CAPTIONS 

Fig.l.  TEM  @mage  of  flocculent  material  on  silicon  substrate.  Scale  bar  -  5000  A. 

Fig. 2.  TEM  image  showing  the  range  of  fiber  morphologies  grown  on  graphite  substrate.  Scale  bar  -  2  microns. 
Fig.3.  TEM  image  of  a  single  straight  carbon  fiber  with  helical  ends.  Scale  bar  -  S  microns. 

Fig.4.  Feathery  type  of  carbon  fibers,  (a)  TEM  image  showing  (002)  cleavage  on  fractured  end  (upper  left)  and 
branching  structure  of  fibers.  A  paler  line  running  down  the  center  of  the  fibers  suggests  a  hollow  core. 
Scale  bar  -  5000  A.  (b)  Higher  magnification  TEM  image  of  fiber  in  (a).  Microdiffraction  pattern  from 
upper  left  of  the  fiber  is  shown  in  the  upper  left  comer,  microdiffraction  from  the  lower,  right  side  of  the 
fiber  is  shown  in  the  lower  right.  Scale  bar  -  1000  A. 

Fig.  5.  Thin  carbon  filaments  on  graphite  substrate  together  with  nonfibrous  ^  .tic  carbon.  Scale  bar  1000 
A. 

Fig.  6.  HRTEM  image  of  carbon  filament  showing  3.4  A  fringes  on  the  edges  of  the  fiber.  Scale  bar  -100  A. 
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Fig.  1. 


TEM  image  of  flocculent  material  on  silicon  substrate, 
bar  -  5000  A. 


Scale 
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Fig.  4.  Feathery  type  of  carbon  fibers.  (a)  TEM  image  showing  (002) 
cleavage  on  fractured  end  (upper  left)  and  branching  structure 
of  fibers.  A  paler  line  running  down  the  center  of  the  fibers 
suggests  a  hollow  core.  Scale  bar  -  5000  A.  (b)  Higher 

magnification  TEM  image  of  fiber  in  (a) .  Microdiffraction 
pattern  from  upper  left  of  the  fiber  is  shown  in  the  upper  left 
corner,  microdiffraction  from  the  lower,  right  side  of  the 
fiber  is  shown  in  the  lower  right.  Scale  bar  -  1000  A. 
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SUMMARY  OF  WORK  DONE  BY  DINESH  UDPA  AS  RESEARCH  ASSISTANT 


WORK  SUMMARY 
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SUMMARY  OF  WORK  DONE  ON  CARBON  FIBER  PROJECT  BY  D1NESH  UDPA 


The  work  done  by  me  under  this  project  can  be  broadly  divided 
into  two  phases. 

Phase-1  :  Jcint  work  with  Mr.  Kit  Baughman. 

Phase-2  :  Independent  work  on  fiber  growth. 


PHASE- 1  WORK 

I  Joined  the  carbon  fiber  project  on  July  1,  1988  as 
Research  Assistant  and  initially  was  assigned  to  assist  Mr.  Kit 
Baughman  in  planning  and  execution  of  experiments  for  growing 
carbon  fibers  in  the  existing  scheme  of  experimental  set-up. 

The  split  of  responsibility  between  Mr. Kit  Baughman  and  roe 
being  that  while  I  planned  and  ran  the  experiments,  Mr. Baughman 
would  analyze  the  samples  on  SEM.  The  catalyzed  substrates  were 
prepared  by  Mr. Baughman. 

The  operating  conditions  for  growing  carbon  fibers  on  Quartz 
substrates  in  a  Quartz  reactor  were  fixed  at  1000°C  temperature 
and  atmospheric  pressure.  The  catalyst  was  deposited  on  the 
substrate  by  spraying  a  solution  of  Iron  sulphate/  Calcium 
chloride  with  a  hair  spray  bottle.  The  growth  characteristics 
were  studied  by  varying  the  Operating  Temperature,  H2  -  CgHg 
Ratio,  Total  Flow  Rate  at  constant  H2  -  CgHg  ratio  and  the 
Duration  of  Reaction  and  observing  their  influence  on  Carbon 
Fiber  Length  and  Diameter.  The  charts  showing  the  growth  trends 
are  attached  herewith.  Benzene  was  used  as  the  source  of  carbon, 
Helium  was  used  as  the  inert  purge  gas  and  Hydrogen  was  used  as 
the  carrier  gas. 
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With  Mr. Baughman  leaving  the  project  in  October  1989,  I  was 
asked  to  repeat  the  experiments  to  check  reproducibility  of 
growth  under  similar  conditions  and  confirm  the  findings.  To  our 
surprise,  I  found  that  the  growth  characteristics  varied  even 
under  identical  operating  conditions.  This  disturbing  finding  led 
us  to  redefine  our  research  objectives  for  a  more  meaningful 
outcome  which  is  covered  under  Phase-2  work. 

Details  of  the  work  done  in  Phase-1  can  be  referred  to  in 
Mr. Kit  Baughman's  M.S.  Thesis. 
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OPERATING  PROCEDURES 

*  PROCESS 

*  SEM 
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Liquid  Hydrocarbon  Bubbler  and  Water  Bath 


OPERATING  INSTRUCTIONS 


Catalyst  Vapor  Deposition 

1.  Weigh  the  required  amount  of  Ferrocene  on  the  mettler 
balance.  (  0.05  g  ) 

2.  Place  the  Ferrocene  at  the  inlet  of  the  reactor. 

3.  Place  the  clean,  dry  substrates  at  the  center  of  reactor. 

4.  Wipe  the  reactor  clean  with  methanol  rinsed  tissue  paper. 

5.  Place  the  reactor  in  the  furnace  with  the  center  of  reactor 

located  nearly  at  the  center  of  furnace. 

6.  Grease  the  reactor  ends  and  place  the  end  connections  in 
position. 

7.  Place  the  thermocouple  in  position.  Insulate  the  exposed 
portion  of  the  reactor  at  both  ends  to  seal  the  gap  between 
the  furnace  and  reactor  with  asbestos  rope. 

8.  Close  all  the  gas  cylinder  valves  and  set  the  flow 
controllers  to  the  maximum. 

9.  Open  the  manifold  valves,  reactor  inlet  and  outlet  valves. 

10.  Open  the  vacuum  pump  suction  valve  slowly  to  avoid  tripping 

of  the  pump  and  evacuate  the  system  to  eliminate  oxygen. 

11.  Once  the  pressure  gauge  reading  and  flow  controller  display 

reads  zero,  close  all  the  manifold  valves  and  switch  off  the 
controllers . 

12.  Open  the  valves  on  Helium  and  Hydrogen  gas  bottles  and  shut 

off  the  vacuum  pump  suction  valve. 

13.  Open  the  Helium  manifold  ■  valve  and  switch  on  the  flow 
controller  #  4  and  allow  the  pressure  to  reach  -650  mm  Hg 
and  then  open  the  vent  valve. 

14.  Reduce  the  flow  to  40  seem  and  allow  the  pressure  to 
stabilize . 

15.  Set  the  H21  flow  to  40  seem. 
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the  temperature  controller 

heating 

cycle  as 

follows : 

point  # 

set  point-°C 

time  # 

time 

duration-mts 

0 

150 

- 

— 

1 

250 

1 

10 

2 

500 

2 

5 

3 

700 

3 

5 

4 

800 

4 

10 

5 

900 

5 

10 

6 

1000 

6 

99 

7 

1000 

7 

99 

8 

1000 

8 

99 

17.  Start  heating  by  pressing  START/AUTO/YES  and  simultaneously 

start  the  stop  clock. 

18.  Log  the  temperatures  every  10  minutes  and  when  the 
temperature  reaches  1000°c  (  in  about  45  minutes  )  switch  on 
controller  #  3,  open  H21  manifold  valve  (  #  3  ),  close  He 
manifold  valve  (  #  4  )  and  switch  off  controller  #  4. 

19.  Reduce  the  catalyst  for  15  minutes.  Then  stop  heating  and 

open  the  furnace  cooling  air,  open  the  He  manifold  valve  and 
switch  on  the  flow  controller  #  4  .  Shut  off  the  H21 

manifold  valve  and  flow  controller  #  3  . 

20.  When  the  temperature  falls  below  100®C,  close  the  #  4 
manifold  valve  for  He  and  the  flow  controller  #  4  .  Close 
all  the  gas  cylinder  valves  and  furnace  cooling  air  valve. 

21.  Remove  the  reactor  from  the  furnace  and  carefully  remove  the 

substrates  from  the  furnace,  place  them  in  a  petri  dish  and 
tag  it.  Place  the  petri  dish  in  a  desiccator. 
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Benzene  Runs 


1.  Place  the  catalyzed  substrates  at  the  center  of  the  reactor. 

Place  the  reactor  in  the  furnace  after  wiping  clean  with 
methanol.  The  center  of  the  reactor  should  approximately 
match  the  center  of  furnace. 

2.  Grease  the  reactor  ends  and  place  the  end  connections. 

3.  Ensure  that  all  gas  cylinder  valves  and  furnace  cooling  air 

valve  is  closed. 

4.  Weigh  the  benzene  bubbler  on  a  single-pan  scale  and  note  the 

weight  in  the  log  book. 

5.  Place  the  thermocouple  in  position.  Insulate  the  exposed 
portion  of  the  reactor  at  both  ends  to  seal  the  gap  between 
the  furnace  and  reactor  with  asbestos  rope. 

6.  Set  the  flow  controllers  to  the  maximum  and  open  all  the 
manifold  valves,  reactor  inlet  and  outlet  valves. 

7.  Open  the  vacuum  pump  suction  valve  slowly  to  avoid  tripping 

of  the  pump  and  evacuate  the  system  to  eliminate  oxygen. 

8.  Once  the  pressure  gauge  reading  and  all  flow  controller 
displays  reads  zero,  close  all  the  manifold  valves  and 
switch  off  the  controllers. 

9.  Open  the  valves  on  Helium  and  Hydrogen  gas  bottles  and  shut 

off  the  vacuum  pump  suction  valve,  reactor  inlet  and  outlet 
valves . 

10.  Open  the  H22  manifold  valve  (  #  2  )  and  switch  on  the  flow 

controller  #  2  and  when  the  pressure  reads  about  300  mm  Hg, 
open  the  benzene  bubbler  outlet  valve,  inlet  valve  and  close 
the  by-pass  valve  in  the  same  order  of  sequence.  This  is  to 
eliminate  the  Oxygen  in  the  benzene. 

11.  When  the  pressure  reads  about  650  mm  Hg,  shut  off  the  flow 

controller,  H22  manifold  valve,  benzene  bubbler  inlet  and 
outlet  valves  and  open  the  bubbler  by-pass  valve. 

12.  Open  the  reactor  by-pass  valve  and  the  vacuum  pump  suction 

valve.  Evacuate  the  system  until  the  pressure  reads  0. 
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13  . 

14  . 

15  . 

16. 

17. 


17. 


16. 

19  . 

20. 


21  . 


22. 
23  . 


Close  the  reactor  by-pass  valve  and  the  vacuum  pump  suction 
valve . 

Open  the  He  manifold  valve  and  the  flow  controller  #  4. 

Open  the  reactor  inlet  and  outlet  valves  and  when  the 
pressure  reaches  650  mm  Hg  open  the  vent  valve. 

Set  the  He  flow  controller  to  40  seem  and  H21  and  H22  flow 
controllers  at  the  desired  levels. 

Set  the  temperature  controller  heating  cycle  as  follows: 


point  # 

set  point-°c 

time  # 

time  duration-mts 

0 

400 

- 

— 

1 

600 

1 

5 

2 

800 

2 

10 

3 

1000 

3 

10 

4 

1150 

4 

99 

5 

1150 

5 

99 

6 

1150 

6 

99 

7 

1150 

1  , 

99 

8 

1150 

8 

99 

Start  heating  by  pressing  START/AUTO/YES  and  simultaneously 
start  the  stop  clock. 

Start  the  hot  plate  heater  and  manually  control  the  benzene 
bubbler  bath  temperature  at  the  required  level . 

Log  the  temperatures  every  10  minutes  and  when  the 
temperature  reaches  1150®c. 

Once  temperature  reaches  1000°C  switch  on  flow  controller  # 
3,  open  H21  manifold  valve  (  #  3  ),  close  He  manifold  valve 
(  #  4  )  and  switch  off  controller  #  4. 

When  temperature  reaches  1150°C,  open  H22  manifold  valve, 
flow  controller  #  2,  benzene  bubbler  inlet  valve,  outlet 
valve  and  close  the  bubbler  by-pass  valve. 

Confirm  Hydrogen  flows  at  the  required  levels. 

Log  the  temperatures  and  pressure  at  every  20  minute 
intervals . 
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24.  At  the  end  of  the  reaction  time,  close  the  flow  controller  # 

2,  H22  manifold  valve,  benzene  bubbler  inlet  and  outlet 

valves,  open  He  flow  controller  #  4  and  He  manifold  valve 
and  close  H2j  manifold  valve  and  flow  controller  #  3. 

25.  Open  furnace  cooling  air. 

26.  Weigh  the  benzene  bubbler  to  calculate  the  amount  of  benzene 

consumed . 

27.  Once  the  temperature  falls  below  100°C,  shut  off  the  flow 
controller  #4,  He  manifold  valve  #  4,  furnace  cooling  air 
valve  and  all  gas  cylinder  valves. 

28.  Remove  the  reactor  from  the  furnace  and  carefully  remove  the 

substrates,  place  them  in  a  tagged  petri  dish  and  place  the 
petri  dish  in  a  desiccator. 


I 
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Reactor  Cleaning 


1.  Place  the  reactor  in  the  furnace  and  connect  the  inlet  side 

of  the  system  to  the  reactor.  The  reactor  outlet  is  left 
open. 

2.  Start  the  furnace  heating  by  pressing  START/MANUAL/YES  and 
make  sure  that  the  display  reads  MAN,  if  not  press  MANUAL 
again . 

3.  Open  the  Compressed  air  bottle  and  set  the  flow  controller  # 

4  to  about  100  seem.  Open  He  manifold  valve  (  #  4  )  and 

switch  on  the  flow  controller  #  4. 

4.  When  the  reactor  temperature  reaches  above  800°C,  start 

moving  reactor  about  two  inches  at  a  time  and  holding  the 
reactor  at  about  800°C  for  about  a  minute  for  burning  out 
the  carbon. 

5.  Stop  heating  once  the  entire  reactor  has  been  exposed,  close 

the  flow  controller .manifold  valve  and, gas  cylinder  valve. 

6.  If  the  reactor  was  used  for  catalyst  deposition,  then  the 
reactor  need  to  be  immersed  in  aqua  regia  for  removing  iron 
deposits  from  the  walls  for  about  a  day. 
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PHASE-2  WORK 


The  first  step  in  the  Phase-2  was  to  identify  the  goals  of 
the  project  and  adopt  the  '  Management  by  Objectives  '  technique 
to  achieve  the  goals.  The  Objectives  of  further  research  work 
were  identified  as  follows: 

1 .  To  Trouble-Shoot  the  Phase-1  set-up  and  identify  the 

system  bottlenecks  that  contributed  to  irregularities 
in  growth  characteristics. 

2.  Modify  the  system  to  eliminate  the  draw-backs  in  the 

Phase-1  set-up  and  ensure  reproducibility. 

3.  Optimize  the  operating  parameters  which  would  enable  us 

to  grow  long  carbon  fibers. 

I 

4.  Test  the  physical/electrical  properties  of  carbon  fibers 

grown. 

5.  Identify  the  precursor  which  are  responsible  for  the 

fiber  growth  through  Raman  Spectra  Analysis  of  exit 
gases  and  suggest  a  mechanism  for  carbon  fiber  growth. 

6.  In  addition,  after  the  recent  meeting  with  the  Airforce, 

it  was  decided  to  modify  the  reactor  from  Hot-wall  to 
Cold-Wall  system  to  enable  insitu  Raman  Spectra 
Analysis . 
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Objective  No.  1.  -  Trouble  Shooting 


On  critical  analysis  of  the  Phase-1  system  for  finding  reasons 
that  contributed  to  the  irregular  growth  characteristics,  we 
found  atleast  two  major  factors  that  influenced  the  parameters. 

The  first  reason  is  the  lack  of  control  of  catalyst  density 
on  substrate  surface  due  to  highly  individualistic  method  adopted 
for  catalyst  deposition  on  substrate.  The  method  of  catalyst 
deposition  using  a  spray  bottle  is  too  individualistic  and  hence 
very  difficult  to  reproduce.  Some  of  the  factors  contributing  to 
the  inconsistency  in  spraying  technique  are  listed  below: 

1)  The  pressure  on  the  spray  head  and  the  time  taken  for 

each  squirting  varies  from  person  to  person. 

2)  The  distance  of  spray  nozzle  tip  from  the  substrate 

surface  may  vary  each  time  one  •  sprays  and  also  with 
person . 

3)  The  relative  radial  location  of  substrate  in  the 

projected  spray  cone  circle  contributes  to  variation  of 
catalyst  density. 

The  second  reason  is  that  the  Benzene  bubbler  is  located 
relatively  far  away  from  the  reactor  and  there  is  a  significant 
length  of  tubing  on  the  downstream  side  of  bubbler  which  is  left 
exposed  to  ambient  temperature.  Hence,  even  though  the  bubbler  is 
immersed  in  a  water  bath  held  manually  at  a  constant  temperature, 
the  Hydrogen  gas  saturated  with  Benzene  vapor  tends  to  cool  down 
during  it's  flow  through  the  bare  tubing,  causing  the  Benzene  to 
condense.  This  causes  inconsistent  Benzene-Hydrogen  ratio  in  the 
reactant  feed  gas  mixture,  even  though  the  manipulative  variables 
were  all  held  steady.  This  problem  was  noticed  because  the  phase- 
1  experiments  were  conducted  during  summer  and  early  autumn  while 
reproducibility  runs  were  made  in  winter,  thereby  experiencing 
wide  variation  in  ambient  temperatures. 
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Besides  above,  most  literature  cited  good  carbon  fiber 
growth  above  1000°c.  In  the  existing  set-up,  use  of  Quartz  as 
material  of  construction  for  reactor  and  substrate  material 
limited  operating  at  higher  temperatures.  Hence,  in  view  of  above 
shortcomings  in  the  present  set-up  and  the  need  to  run 
experiments  at  higher  temperatures,  the  experimental  set-up 
needed  to  be  modified. 
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Objective  No.  2.  -  System  Modification 


The  primary  emphasis  in  achieving  this  objective  was  to 
eliminate  or  minimize  the  influence  of  factors  identified  in  the 
trouble-shooting  which  contributed  to  inconsistent  results  and 
poor  carbon  fiber  growth. 

Improvement  on  Catalyst  Deposition  Technique. 

The  catalyst  deposition  method  was  modified  to  remove  the 
individualistic  factors  which  introduced  inconsistencies  in 
Phase-1  results.  The  vapor  deposition  method  of  catalyst 
deposition  was  adopted  by  placing  a  fixed  amount  of  Ferrocene  at 
the  inlet  of  reactor  and  heating  under  inert  atmosphere.  Thus, 
the  variables  in  this  method  of  deposition  were  identified  to  be 
amount  of  Ferrocene  placed  at  the  inlet  of  reactor,  Inert  carrier 
gas  flow  conditions  and  furnace  heating  cycle  during  deposition. 
The  premise  for  adopting  this  technique  is  that  the  flow 
conditions  in  the  reactor  during  deposition  can  be  held  constant 
by  the  mass  flow  meters  and  the  heating  cycle  can  be  reproduced 
through  the  pre-programed  automatic  temperature  controller.  The 
Ferrocene  can  be  accurately  measured  up  to  even  fourth  decimal 
place  accuracy  on  the  mettler  balance.  Thus,  the  vapor  deposition 
method  of  catalyst  deposition  offers  to  be  a  far  superior  and 
reproducible  technique  compared  to  the  spray  technique  and  is 
free  from  human  factor  as  all  key  variables  are  controlled 
accurately. 
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Ambient  Temperature  Influence  Minimization. 


The  problem  of  ambient  temperature  influence  on  Benzene 
consumption  was  minimized  by  relocating  the  benzene  bubbler 
closer  to  manifold,  heat-taping  the  exposed  portion  of  bubbler 
and  insulating  the  downstream  tubing  up  to  the  reactor.  This 
should  minimize  the  Benzene  condensation  downstream  of  bubbler 
and  lead  to  more  consistent  Hydrogen-Benzene  ratio. 

Overcoming  Operating  Temperature  Limitations. 

In  order  to  operate  at  higher  temperatures,  the  reactor 
material  of  construction  was  changed  to  ceramic  (  Manufactured  by 
Coors  )  instead  of  quartz.  This  ceramic  material  could  withstand 
up  to  1700°C,  However  the  operating  temperature  was  limited  to 
1200°C  only,  due  to  furnace  heating  limitations. 

I 

Initially,  Graphite  was  chosen  as  the  substrate  material  for 
carbon  growth  at  higher  operating  temperatures  -  since  Graphite 
could  withstand  the  temperature  and  was  stable  at  proposed 
operating  temperature  range  in  absence  of  oxygen.  However,  during 
test  runs,  we  observed  an  unusual  surface  activity  on  Graphite 
substrates.  After  the  catalyst  was  deposited  on  Graphite,  we 
noticed  that  the  Iron  disappeared  from  the  surface  of  substrate 
during  subsequent  heating  process  for  fiber  growth.  This  was 
noticed  from  significant  difference  in  carbon  fiber  growth 
densities  between  Graphite  and  Quartz  substrates  and  later  on 
confirmed  through  catalyst  density  measurements  on  EDX.  This  led 
us  to  change  the  substrate  material  for  fiber  growth  studies  from 
Graphite  to  ceramic  (  Similar  to  reactor  material  -  Manufactured 
by  Coors.).  The  disappearance  was  attributed  to  diffusion  of  Iron 
from  surface  to  the  bulk  of  substrate. 
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A  series  of  experiments  were  conducted  first  to  test  the 
efficacy  of  catalyst  vapor  deposition  technique,  comparing  the 
growth  densities  between  Graphite,  Ceramic  and  Quartz  substrate 
materials  and  confirming  suitability  of  Quartz  material  as 
substrates . 


* 
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Objective  No.  3.  -  Operating  Parameters  Optimization 


Prior  to  starting  of  the  optimization  experiments,  a 
detailed  work  on  characterization  of  ceramic  reactor  and 
thermocouples  were  done,  wherein  the  thermocouple  outputs  were 
calibrated  with  respect  to  the  Automatic  Temperature  Controller 
Display  and  the  temperature  profile  inside  the  Ceramic  reactor 
was  plotted  with  reference  to  the  controller  readout.  The  results 
are  attached  herewith: 

This  was  then  followed  by  optimization  of  operating 
parameters  to  maximize  carbon  fiber  growth  in  terms  of  length  and 
diameter  through  variation  of  operating  temperature,  Hydrogen- 
Benzene  ratio,  total  flow  rates  and  duration  of  reaction.  Each  of 
the  parameter  was  varied  one  at  a  time  and  the  effect  on  the 
carbon  fiber  length  and  diameter  was  plotted. 

i 

The  results  are  summarized  in  the  following  tables  and 
graphs . 

However,  it  is  sufficient  to  say  that  the  effect  of  the 
modifications  made  in  the  Phase-2  on  the  growth  characteristics 
of  carbon  fiber  has  been  very  significant.  The  Phase-1  studies 
had  yielded  carbon  fibers  of  length  of  the  order  of  magnitude  40- 
50  microns  and  diameters  of  around  a  micron.  In  comparison,  the 
Phase-2  Experiments  yielded  fibers  of  length  up  to  15.0 
millimeters  and  diameters  up  to  60-90  microns. 
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SUMMARY 


RUN  REACTION  H^jCgHg  REACTION  TOTAL 

#  TIME  RATIO  TEMP.  FLOW 

Hrs .  °C  SCCM 


REMARKS 


REACTION  TIME  EFFECT  ON  GROWTH 


B-016 

1.5 

10.26 

1000 

40 

EXPERIMENTS  DONE  ON 

B-017 

2 . 5 

10.45 

1000 

40 

QUARTZ  SUBSTRATE 

B-Ol  8 

0.5 

7 . 52 

1000 

40 

USING  BENZENE  AS 

B-021 

2.0 

10.03 

1000 

40 

CARBON  SOURCE 

B-022 

1 . 0 

9.40 

1000 

40 

RATIO  CHANGE  EFFECT  ON 

GROWTH 

B-019 

1.0 

5.79 

1000 

40 

B-020 

1.0 

6.27 

1000 

40 

B-023 

1.0 

7.52 

1000 

40 

-DO- 

B-024 

1.0 

12.53 

1000 

40 

B-025 

1.0 

18.80 

1000 

40 

TOTAL  FLOW  RATE 

CHANGE  EFFECT 

ON  GROWTH 

1 

B-026 

1.0 

6.27 

1000 

80 

B-027 

1.0 

6.48 

1000 

100 

B-028 

1.0 

6.64 

1000 

120 

-DO- 

B-029 

1.0 

7.52 

1000 

140 

TEMPERATURE  EFFECT  ON  GROWTH 

B-030 

1.0 

6.84 

600 

80 

B-031 

1.0 

7.16 

700 

80 

B-032 

1.0 

5.79 

800 

80 

-DO- 

B-033 

0.83 

6.84 

1000 

80 

B-034 

1.0 

7.16 

1000 

80 

REPRODUCIBILITY 

CHECK  RUNS 

DIAM  /LENGTH  /RHO 

B-037 

1.0 

5.37 

1000 

40 

8  .  OJU/  2  .  Omm/  SG 

B-038 

1 . 0 

9.40 

1000 

40 

16.011/  0.7mm/  SG 

B-039 

1.0 

9.40 

1000 

40 

4. 411 /  2.3mm/  PD 

B-040 

1 . 0 

8 . 36 

1000 

40 

1.811/  55.0  A/  GD 

B-041 

1 . 0 

6.27 

1000 

40 

1.711/  73.0  11/  SG 

B-042 

2.0 

7 .91 

1000 

40 

5 . 0X1/ENTAGLD/  GD 

B-048 

2.0 

8.85 

1000 

40 

1.011/  53.0  ]XJ  GD 

B-049 

2.0 

8.36 

1000 

40 

2 . 8JU/ENTAGLD/  GD 

B-050 

2.0 

8.36 

1000 

40 

3 . 3A/ 110.0  juy  FG 

B-054 

1.0 

7.16 

1000 

80 

0.7JU/  0.16  IU  GD 

B  -  0  5  6 

1 . 0 

7.92 

1000 

80 

1 . OU/ENTAGLD/  GD 

TUNGSTEN  CARBIDE  SUBSTRATE  RUNS 


B-043 

1 . 0 

7.52 

1000 

40 

NO 

GROWTH 

B-045 

1.0 

6.26 

1000 

80 

NO 

GROWTH 

B-051 

1.0 

7.52 

1000 

80 

NO 

GROWTH 

VAPOR 

DEPOSITED 

CATALYST 

SUBSTRATE  RUNS 

(  GRAPHITE  /  QUARTZ  /  CERAMIC  SUBSTRATE  MATERIALS  ) 


Following 

experiments  were 

conducted  to 

confirm  growth  of  fibers 

after  vapor 

deposition  and  also  to  confirm  disappearance  of 

catalyst  on  graphite  substrate  surface  as  reflected  in  poor  fiber 

density  characteristics  in 

comparison  with  Quartz  substrates. 

B-053 

1 .0 

7.52 

1000 

40 

G — L=25 . 0X1/ D=1 . 2CL/SG 
q — L=40 . 0X1/ D=0 . 92U/ 

ENTAGLD/GD 

B-061 

1.0 

8.36 

1000 

40 

G — L=14 . 0/D=0 . 29IX/FG 
Q — L=ENTGLD/D=0 . 4411/ 

GD 

B-062 

1.0 

7.52 

1000 

40 

G-L=37 . 5U/D=0 . 37II/SG 

B-065 

1.0 

8.36 

1000 

40 

G-L=20  .  OXi/D=0 . 45JJL/SG 

B-067 

1.0 

7.52 

1000 

40 

'  G-L=0 . 13Ji/D=0 . 72JJL/SG 

B-068 

1.0 

10.74 

1000 

40 

G-L=44 . 0fl/D=0 . 46U/SG 

B-070 

1.0 

7.52 

1000 

40 

G-L=33 . 0U/D=0 . 28U/SG 
Q-L=0 . 2mm/D=l .  0011/FG 

B-072 

1.0 

6.84 

1000 

40 

G-L=l  1 . 0J1/D=0 . 60^/SG 

B-078 

1.0 

4.70 

1000 

40 

G-L=21 . 0U/D=1 . 00U/SG 

Following 

experiments  were 

conducted  to 

confirm  growth  of  fibers 

on  new  ceramic  substrates,  suitable  for  high  temperature 
operation,  using  vapor  deposition  method  of  catalyst  deposition 
and  compare  the  density  with  Quartz  substrates. 


B-077 

1.0 

10.74 

1000 

40 

Q-L=ENTGLD/D=0 . 7U/GD 
C-L=ENTGLD/D«0 . 8U/GD 

B-079 

1.0 

9.40 

1000 

40 

C-L=33 . 0I1/D=0 . 47I1/FG 

B-082 

1.0 

9.40 

1000 

40 

C-L=20 . 0L1/D=0 . 38J1/FG 
Q-L=20 . 0U/D=0 . 42U/FG 

B-083 

1 . 0 

9 . 40 

1000 

40 

C-L-0 . 2mm/D-0 . 50M/FQ 
Q-L=96  .  Oil/D-O  .  50JU/FG 

B-096 

*-* 

O 

6.27 

1000 

40 

C-L=30 . 0J1/D=0 . 60JU/GD 

G=GRAPHITE  SUBSTRATE  ;  Q=QUARTZ  SUBSTRATE  ;  OCERAMIC  SUBSTRATE 
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Having  confirmed  tne  suitability  of  new  ceramic  substrate 
material  experiments  to  optimize  the  growth  conditions  were  done. 


B-097 

1.0 

8 . 36 

1200 

40 

DETAILS  OF  GROWTH 

B-099 

1.0 

25.07 

1200 

40 

GIVEN  IN 

B-100 

1 .0 

12.53 

1200 

40 

SUBSEQUENT  TABLES 

B-101 

1.0 

37.60 

1200 

40 

(  AFTER  CATALYST 

B-102 

1.0 

25.07 

1100 

40 

DENSITY  ANALYSIS 

B-104 

1.0 

25.07 

1150 

40 

TABLES .  ) 

B-105 

2.0 

21.49 

1200 

40 

B-106 

2.0 

25.07 

1150 

40 

B-108 

2 . 7 

23.28 

1150 

40 

B-109 

4.0 

28.23 

1150 

40 

B-110 

3.5 

27.17 

1150 

40 

B-112 

4.0 

22.18 

1150 

40 

B-114 

4.0 

18.60 

1150 

60 

B-115 

4.0 

25.31 

1150 

75 

B-117 

4.0 

20.25 

1150 

60 

B-119 

4 . 0 

21.83 

1150 

55 

B-121 

5.0 

25.87 

1150 

40 

B-122 

6.0 

21 .17 

1150 

40 

CATALYST  VAPOR  DEPOSITION  RUNS 

Following  deposition  runs  were  made  to  confirm  relation  of 
catalyst  particle  density  to  initial  amount  of  Ferrocene  placed 
on  substrate. 


B-052 

0 . 100 

g 

FERROCENE 

AT 

INLET 

B-057 

0 . 100 

g 

FERROCENE 

AT 

INLET 

B-058 

0.050 

g 

FERROCENE 

AT 

INLET 

B-059 

0.025 

g 

FERROCENE 

AT 

INLET 

B-060 

0.050 

g 

FERROCENE 

AT 

INLET 

B-063 

0.025 

g 

FERROCENE 

AT 

INLET 

B-064 

0.025 

g 

FERROCENE 

AT 

INLET 

B-066 

0.035 

g 

FERROCENE 

AT 

INLET 

B-069 

0.050 

g 

FERROCENE 

AT 

INLET 

B-071 

0.035 

g 

FERROCENE 

AT 

INLET 

B-073 

0.050 

g 

FERROCENE 

AT 

INLET 

B-074 

0.050 

g 

FERROCENE 

AT 

INLET 

B-075 

0.025 

g 

FERROCENE 

AT 

INLET 

B-076 

0.035 

g 

FERROCENE 

AT 

INLET 

B-080 

0.050 

g 

FERROCENE 

AT 

INLET 

B-081 

0.025 

g 

FERROCENE 

AT 

INLET 

B-084 

0.035 

g 

FERROCENE 

AT 

INLET 

B-085 

0.040 

g 

FERROCENE 

AT 

INLET 

Following  are  the  catalyst  vapor  deposition  runs  for  benzene 
runs . 


B-095  0.050  g  FERROCENE  AT  INLET 
B-098  0.050  g  FERROCENE  AT  INLET 
B-103  0.050  g  FERROCENE  AT  INLET 
B-107  0.050  g  FERROCENE  AT  INLET 
B- 111  0.050  g  FERROCENE  AT  INLET 
B-113  0.055  g  FERROCENE  AT  INLET 
B-116  0.055  g  FERROCENE  AT  INLET 
B-118  0.050  g  FERROCENE  AT  INLET 
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VAPOR  DEPOSITED  CATALYST  -  DENSITY  ANALYSIS 


Following  deposition  runs  were  made  to  confirm  relation  of 
catalyst  particle  density  to  initial  amount  of  Ferrocene  placed 
on  substrate. 


RUN  # 

FERROCENE 
AT  INLET 
gms . 

SUBSTRATE 

MATERIAL 

AREA 
(AM)  2 

NUMBER 
OF  DOTS 

DENSITY  OF 

DOTS 

#  /  (UM)2 

B-052 

0.100 

QUAR+GRAPH 

- TRIAL 

RUN - 

B-057 

0 . 100 

GRAPHITE 

702.0 

123 

0.1750 

B-058 

0.050 

GRAPHITE 

409.0 

144 

0.3520  2 

B-059 

0.025 

GRAPHITE 

370.0 

172 

0.4656 

B-060 

0.050 

GRAPHITE 

420.0 

237 

0.5637 

B-063 

0.025 

GRAPHITE 

11687.0 

105 

0.0090  1 

B-064 

0.025 

GRAPHITE 

463.5 

221 

0.4768 

B-066 

0.035 

GRAPHITE 

360.0 

135 

0.3750 

B-071 

0.035 

GRAPHITE 

98.5 

36 

0.3656 

B-073A 

0.050 

GRAPHITE 

351.4 

63 

0.1793 

B-073B 

0.050 

GRAPHITE 

415.0 

86 

0.2070 

B-074A 

0.050 

CERAMIC 

166.3 

161 

0.9684 

B-074B 

0.050 

CERAMIC 

159.3 

144 

0.9003 

B-075 

0.025 

CERAMIC 

323.0 

36 

0.1115 

B-076 

0.035 

CERAMIC 

130.4 

40 

0.3067 

B-081 

0.025 

CERAMIC 

276.0 

27 

0.0978 

B-085 

0.040 

CERAMIC 

243.4 

163 

0.6700 

1.  Sample  was  dropped. 

2.  Higher  starting  temperature 


CHd 


RHO  fc/^rrf/' 


REACTOR  CHARACTERIZATION 


mVolts  Temp. 


0.149 
0.230 
9.982 
10.154 
15.435 
17.654 
17 . 790 
21.130 
22.270 
23.420 
24.510 
28.300 
29 . 180 
32.425 
35 . 160 
35.910 
36.975 
38.080 
38 . 850 
40.010 
40.790 
41 . 060 
41.120 
41 . 130 


24 

25 
262 
268 
393 
446 
450 
527 
555 
581 
607 
696 
716 
793 
858 
876 
902 
929 
947 
976 
996 

1000 

1001 

1001 


Equation  of  Line  --  Ta«p«*farr*  s  A  + 
u>hrre  *■  =  mVolVs  outfit 
A:  ^°C 

B  -  23-733  °C/m\; 


MV  -  TEMP.  PLOT 


T 


AT 


19.5 

0 

19 . 5 

25 

18.0 

268 

17.0 

450 

16.0 

581 

15.0 

696 

13.5 

793 

12.5 

858 

10.5 

902 

9.0 

947.5 

8.0 

996 

5.0 

1000 

5.0 

1001 

4.5 

1001 

T  -  AT  GRAPH 
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DISTANCE  TEMPERATURE 

Cm  °C 


0.00 

200 

9.00 

472 

11.50 

713 

14.00 

923 

16.50 

1055 

19.00 

1131 

21 . 50 

1173 

22.50 

1182 

24.50 

1190 

24.50 

1190 

26.50 

1186 

27.50 

1181 

30.00 

1153 

32.50 

1089 

35.00 

982 

37.50 

799 

40.00 

535 

42.50 

341 

50.00 

100 

200.00 


TEMPERATURE  PROFILE 


100.00 


000.00 


900 . 00 


Q00. 00 


700. 00 


600.00 


50O.00  4 


•100. 00 


/ 


300 . 00  4 


200. 00 


100.00 - 1 - 1 - 1 - 1 - 1 - 1 - 1 - 1 - 

0.30  5.00  10.00  15.00  20.00  25.00  30.00  35.00  40.00  45.00 

DISTANCI  -Cm 

_ _ fti n  inm  um' _ lrt  ..w?  «/ri  «rrf 


i 


Reactor. 


1100-  noo'c 


Reacts 
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BENZENE  RUNS 


2.40 


2.20 


1.80 


1.60 


1.40 


1.20 


1  .00 


0.80 


0.60 


0.  40 


0.20  -1 — 

5.00 


.00  30.00 

0 


171 


mm 


TIME  -  LENGTH  PLOT 


2.50  3.00 

TIME  -  Hr  c . 


4.00  4.50 


3.50 


LENGTH  -  TINE  PLOT 


T I ME  -  Hr  6 . 


DIAMETER  -  REACTION  TIME  PLOT 


TIME  -  Hre. 


Objective  No.  4.  -  Physical  Properties  Of  Carbon  Fiber 


The  carbon  fibers  grown  were  handed  over  to  the  Physics 
Department  for  testing  of  mechanical  properties. 

Surface  Activity  on  Graphite  Substrate 

The  disappearance  of  Iron  catalyst  particle  from  the  surface 
of  Graphite  substrate  as  seen  from  significant  difference  in 
fiber  growth  densities  between  Graphite  and  Ceramic  or  Quartz 
substrates  led  us  to  believe  that  Iron  was  diffusing  into  the 
bulk  of  graphite  during  heating  of  substrate  to  1000°C  for  fiber 
growth  studies.  This  was  also  seen  from  -he  erratic  results 
obtained  for  Graphite  during  catalyst  density  measurements  by  EDX 
to  find  the  effect  of  variation  of  amount  of  Ferrocene  at  the 
inlet  of  Reactor.  The  phenomena  was  later  confirmed  from 
electrical  measurements  carried  out  by  physics  department. 
Preliminary  measurements  showed  very  encouraging  results  and  the 
Iron  doped  graphite  substrate  material  exhibited  very  low 
resistivity  even  at  extremely  low  temperatures (  77  °K  ).  The  Iron 
doped  Graphite  materials  also  exhibited  the  uncharacteristic 
Johnson  Oscillations  which  gave  us  an  added  impetus  to  study 
further  on  this  unusual  behavior  of  this  Iron  doped  graphite 
material.  The  experiments  were  repeated  on  two  different  type  of 
graphite  materials,  labeled  ZYB  and  ZYC,  obtained  specifically 
for  this  study  from  Union  Carbide.  This  time  the  catalyst  (Iron) 
was  doped  in  three  different  ways,  namely  :  Spraying  technique, 
Vapor  deposition  and  evaporation.  The  electrical  measurements  are 
proposed  to  be  conducted  at  various  temperatures  including  at 
much  below  77°K. 
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TEMPERATURE  EFFECT  TEST  CONDITIONS 


S.N0 

EXPT 

NO. 

SAMPLE 

CAT. DEP. METHOD 

TEMP. 

°C 

SUBS. 

BRIDGE 

QTY. 

FLAT 

1 

B-086 

ZYC 

SPRAYING 

1000 

1 

1 

2 

B-087 

ZYB 

SPRAYING 

1000 

1 

1 

3 

B-088 

ZYC 

VAPOR  DEPOSITION 

1000 

1 

1 

4 

B-089 

ZYB 

VAPOR  DEPOSITION 

1000 

1 

1 

5 

B-090 

ZYC 

SPRAYING 

850 

1 

1 

6 

B-091 

ZYB 

SPRAYING 

850 

1 

1 

7 

B-092 

ZYC 

VAPOR  DEPOSITION 

850 

1 

1 

8 

B-093 

ZYB 

VAPOR  DEPOSITION 

850 

1 

1 

9 

B-120A 

ZYC 

EVAPORATION ( 4 00A) 

1000 

1 

- 

10 

B-12CA 

ZYB 

EVAPORATION (400A) 

1000 

1 

- 

11 

B-120B 

ZYC 

EVAPORATION (800A) 

1000 

1 

- 

12 

B-120B 

ZYB 

EVAPORATION (800A) 

1000 

1 

- 

13 

B-120C 

ZYC 

EVAPORATION ( 400A ) 

850 

1 

- 

14 

B-120C 

ZYB 

EVAPORATION (400A) 

850 

1 

- 

15 

B-120D 

ZYC 

EVAPORATION (800A) 

850 

1 

- 

16 

B-120D 

ZYB 

EVAPORATION (800A) 

850 

1 

- 

1.  All  Samples  subjected  to  45  minutes  heating  time  followed  by 

holding  the  samples  at  required  temperature  for  one  hour. 

2.  Catalyst  spraying  solution  concentration  —  0.2  g  FeS04  in  250 

cc  DI  Water. 

3.  Catalyst  vapor  deposition  —  0.05  g  Ferrocene  at  the  inlet  of 

reactor.  Deposition  under  40  seem  Helium  flow. 
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Objective  No.  5.  -  Precursor  Identification 


A  detailed  flow  scheme  was  prepared  for  Raman  Spectra 
Analysis  work  and  is  attached  herewith. 

Specifications  for  all  additional  equipment  needed  within 
the  constraints  of  budget  limitations  were  drawn  and  purchase 
orders  placed.  The  equipment  received  were  shifted  to  ERC,  where 
the  equipment  was  to  be  set-up.  The  equipment  ordered  include: 

-  Monochromator  and  Grating  assembly. 

-  Photomultiplier  Tube/  Cooled  Housing  and  H  V  Power  Supply 

Unit . 

-  Personal  Computer. 

-  Cell. 

-  Mirrors,  Lenses  and  Mountings. 

-  Spare  Thyratron  Switch.  ; 

-  Spare  Laser  Gases. 

-  Stainless  Steel  Tubing,  Valves  and  Fittings. 

The  existing  XeCl  excimer  laser  in  Dr.  Rocca's  laboratory 
was  to  be  utilized  as  light  source  and  the  optical  table  was 
donated  by  IBM.  The  optical  table  was  installed  in  Room  B-310  in 
ERC  after  obtaining  the  equipment  layout  approval  from  Dr.  Rocca. 
The  location  of  the  optical  table  was  fixed  with  respect  to  the 
location  of  Laser  Beam.  The  modifications  to  the  room  including 
puncturing  of  the  wall  for  passing  the  laser  beam  were  completed. 

The  stainless  steel  tubing  were  fabricated  and  installed. 
Leak  testing  of  the  system  was  completed. 

A  brief  report  justifying  use  of  Raman  Analysis  and  proposed 
methodology  to  be  adopted  is  attached  herewith. 
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Exhaust  hood  Cylinders 


Existing  Ta&lE 


RAMAN  SPECTRA  ANALYSIS  FOR  PRECPRSOR  IDENTIFICATION 


We  propose  to  adopt  the  technique  of  insitu  pulsed  laser 
Raman  spectroscopy  to  selectively  monitor/identify  the  reactive 
precursor  species/concentrations  during  Chemical  Vapor  Deposition 
method  of  Carbon  for  producing  fibers  using  Benzene  as  the  carbon 
source.  The  reason  for  adopting  this  technique  is  that  it  offers 
a  non-intrusive,  selective  method  with  high  spatial  resolution 
together  with  the  advantages  of  generality  -  as  virtually  all 
species  exhibit  Raman  spectra. 

The  procedure  for  generating  the  Raman  spectrum  essentially 
involves  focusing  a  pulsed  laser  beam  from  the  laser  source  into 
a  sample  cell.  Scattered  light  collected  at  right  angles  to  the 
incident  beam  is  dispersed  by  a  monochromator  and  detected  by  a 
photomultiplier  tube.  The  Raman  scattered  radiation  is  viewed  at 
right  angles  to  the  direction  of  excitation  in  order  to  ensure 
that  unscattered  radiation,  which  is  103  to  104  times  as  intense 

i 

as  Raleigh  scattering  and  107  to  10®  times  as  intense  as  Raman 
scattering,  does  not  reach  the  detector  and  only  Raleigh  and 
Raman  scattered  radiation  enters  the  monochromator  and  falls  on 
detector.  Signals  are  then  processed  by  a  gated  integrator 
interfaced  with  a  computer.  Since  the  Raman  spectra  is 
characteristic  of  each  species  and  the  signal  is  directly 
proportional  to  the  gas  densities  or  respective  partial 
pressures,  the  pulsed  laser  can  be  used  to  identify  reactive  gas 
species  during  Chemical  Vapor  Deposition  (CVD) . 

Reasons  for  adopting  Raman  spectra  analysis  for  precursor 
species  identification  include  : 

a)  Raman  spectra  are  usually  simpler  than  corresponding 
Infrared  spectra  primarily  because  overtone  and  combination 
effects  are  relatively  small  compared  to  principal  Raman 
scattered  frequencies. 

b)  Totally  symmetric  modes  of  vibration  can  be  studied 
via  the  Raman  effect,  whereas  they  are  not  observed  in  Infrared 
spectra. 
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c)  The  intensity  of  a  Raman  line  is  directly 
proportional  to  concentration  whereas  there  is  a  logarithmic 
(Beer's  Law)  relationship  for  conventional  spectroscopy.  Thus 
quantitative  analysis  is  often  more  convenient  in  Raman 
spectroscopic  analysis  and  sometimes  more  accurate. 

The  major  disadvantage  of  this  technique  is  that  the 
excitation  of  Raman  radiation  is  very  inefficient  and  hence  the 
intensity  of  Raman  scattered  radiation  is  very  low  making 
detection  a  formidable  task.  This  problem  can  be  circumvented  to 
a  large  extent  by  using  the  following  techniques: 

a)  Use  of  laser  as  the  source  of  exciting  radiation. 

The  Raman  scattering  is  directly  proportional  to  the 
intensity  of  the  incident  light.  Hence  higher  the  power  that  can 
be  concentrated  into  a  specific  volume  of  sample,  the  more 
intense  will  be  the  recorded  spectrum.  Since  lasers  are  a  stable, 
coherent  monochromatic  source  of  high  intensity  radiation,  high 
powered  lasers  can  be  used  to  bring  »*eak  spectra,  especially 
those  from  gases,  up  to  a  level  where  they  can  be  detected. 

Further,  Raman  scattering  is  proportional  to  the  fourth 
power  of  the  frequency  of  the  laser  line  exciting  the  spectrum. 
Thus  a  red  laser  will  be  less  efficient  as  a  source  for  Raman 
spectroscopy  than  a  green  laser.  Hence  it  is  more  advantageous  to 
use  a  higher  frequency  exciting  laser  source  for  increasing  the 
scattering  intensity.  Unfortunately,  the  higher  frequency 
excitation  lines  tend  more  to  excite  fluorescence  than  do  the 
lower  frequency  lines  and  one  is  often  forced  to  compromise 
because  of  this. 

b)  Stray  light  minimization 

Since  the  intensity  of  Raman  scattered  radiation  is  low 
relative  to  Raleigh  scattered  radiation,  it  is  essential  that 
stray  light  in  the  monochromator  be  minimized.  This  calls  for  a 
monochromator  system  with  very  high  discrimination. 
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The  proposed  method  utilizes  pulsed  laser  as  the  exciting 
light  source  which  enables  use  of  gated  detection  techniques  with 
apertures  as  short  as  4-15  ns  pulses.  This  effectively  suppresses 
the  dark  current  and  susceptor  black  body  radiation  by  several 
orders  of  magnitude  and  greatly  improves  the  signal  to  noise 
ratio . 

Qualitative  Analysis. 

The  Raman  spectrum  of  a  mixture  of  nonreacting  components  is 
the  superposition  of  the  Raman  spectrum  of  individual  components. 
With  an  unknown  sample,  an  identification  can  be  made  by  a  simple 
matching  process  if  the  spectra  of  possible  components  of  the 
sample  are  available.  Although  Raman  spectra  of  a  compound  is 
unique,  it  must  be  emphasized  that  differences  between  the 
spectra  of  homologs  may  be  small. 

Quantitative  Analysis.  i 

In  Raman  effect  overtones  and  combinations  are  almost 
completely  absent  and  emission  bands  tend  to  be  narrow  and  have 
less  overlap  than  Infrared  absorption  bands,  where  rotational 
fine  structure  is  superimposed  on  the  vibrational  transitions. 
Thus  if  the  sample  does  not  contain  too  many  components,  it  is 
possible  in  a  Raman  spectrum  to  find  a  characteristic  band  that 
is  free  of  spectral  interference.  A  standard  sample  of  each 
component  is  used  to  determine  the  proportionality  between  peak 
heights  and  concentration.  If  band  overlaps  do  not  occur  they  can 
be  resolved  by  setting  up  and  solving  simultaneous  equations 
under  the  assumption  that  the  measured  intensity  at  a  particular 
spectral  position  is  made  up  of  contributions  from  overlapping 
components  which  are  proportional  to  their  concentrations. 
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Insitu  quantitative  measurements  for  precursor 
identification  has  hitherto  not  been  attempted  because  of 
inherent  problems  like  : 

a‘  Difficulty  in  adopting  optical  methods  due  to 
fouling  of  optical  windows  by  carbon  deposition. 

b)  Perturbation  of  reaction  system  in  using  other 

methods . 

We  propose  to  use  the  XeCl  excimer  laser  of  wavelength  308 
nm  delivering  4-15  ns  long,  500  mJ  pulses  at  10  Hz  for  the  light 
source.  The  collection  instrumentation  includes  ARC  Model  AM505- 
6.9  Monochromator  with  1800  G/ram  holographic  grating  and  stepping 
motor  scanning  system  and  Thorn  EMI  9819  QA  Model  Photomultiplier 
tube  with  Fact-50  thermoelectric  cooler  capable  of  cooling  upto- 
30°  C.  A  schematic  diagram  showing  the  exciting  and  collection 
optics  is  given  in  Figure  1,  while  the  process  schematic  is  shown 
in  Figure  2.  . 
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Y-Rays  j  X-Rays  |  UV  |  Vis  |  IR  |  Radio  Waves  | 


Y-Rays 
X-Rays 
U  V 
I  R 
Vis. 

Wave  Number  “  No 


. . . .  <  0.006  nra 

. . . .  5  -  0.006  nm 

. . . .  720  -  5  nm 

. .  .  .  720  nm  -  400  um 

, . . .  720  -400  nm 

of  Waves  per  Centimeter 


1/  \ 


Wave  Length  of  proposed  Laser  Light  «  308  nm  *  3080  A 
Wave  Number  *  32467.5  Cm”1 

For  RAMAN  Spectra  Excitation  of  3400  -  800  Cm-1  ,  the  overall 


range  of  wave  numbers  are  : 

35867.5  or  278.8  nm  .  (+3400) 

29067.5  or  344.0  nm  .  (-3400) 

33267.5  or  300.6  nm  .  (+  800) 

31667.5  or  315.8  nm  .  {-  800) 


For  Identical  Power,  the  scattering  efficiency  increase  with 
respect  to  using  a 

Ar  Laser  operating  at  4880  A  **  6.3  times 
Kr  Laser  operating  at  6471  A  =  19.5  times 
The  only  restriction  is  to  ensure  that  Fluorescence  is  not 
excited. 
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FURTHER  WORK  PENDING  INCLUDE: 


-  Fabrication  of  an  eight  inch  stool  for  lifting  the  furnace 

assembly  to  match  the  height  of  the  cell  with  the  laser 
beam. 

-  Design  and  fabrication  of  piping  supports  for  rigidity  and 

aesthetic  reasons. 

-  Transportation  and  installation  of  the  side  table  at  ERC 

as  per  the  layout  sketch  attached.  Recheck  Leakage. 

-  Transportation  of  computer  assembly  presently  with 

Mr. Ami t  Inamdar. 

-  Installation  of  monochromator,  photomultiplier  tube 

assembly,  computer,  box-car  .integrator,  optics  and 
their  alignment. 

-  Transportation  of  reaction  gases  and  tubing  connections. 

-  Electrical  connections  and  installation  of  software. 

-  Dummy  run  with  a  known  gas  and  identification  through 

Raman  analysis  -  to  confirm  compatibility  of  software. 

-  Prepare  reference  Raman  Spectral  Charts  for  known  mixtures 

of  gases. 

-  Actual  runs  for  precursor  analysis  as  per  attached 

details . 

-  Objective  No.  6.  -  Design  and  execution. 
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SUMMARY  OF  CHARACTERISTIC  RAMAN  FREQUENCIES 
OF  POSSIBLE  CONSTITUENTS 


FREQUENCY 

Cm-1 


Group 


Constituent 


3,374 

3,104 

3,062 

3,026 

2969-2965 

2929-2912 

2884-2883 

2861-2849 

2,172 

1,974 

1964-1958 

1680-1665 

1,679 

1678-1664 

1676-1665 

1660-1654 

1658-1644 

1,656 

1649-1625 

1,623 

1,614 

1,566 

1473-1446 

1466-1465 

1314-1290 

1310-1175 

1305-1295 

1,205 

1,188 

1150-950 

1,001 

992 

905-837 

900-890 

886 

459 


CH  Stretch 

Antisymmetric  =CH2  Stretch 
CH  Stretch 

Symmetric  =CH2  Stretch 
Antisymmetric  CH3  Stretch 
Antisymmetric  CH2  Stretch 
Symmetric  CH3  Stretch 
Symmetric  CH«  Stretch 
Symmetric  C“C-C“C  Stretch 
C“C  Stretch 

Antisymmetric  C=C=C  Stretch 

C=C  Stretch 

C=C  Stretch 

C=C  Stretch 

C=C  Stretch 

C=C  Stretch 

C=C  Stretch 

C»C  Stretch  1 

C=C  Stretch 

C=C  Stretch 

C-C  Stretch 

C=C  Stretch 

CH3,CH2  Deformations 

CH3  Deformations 

In-Plane  CH  Deformations 

CH2  Twist  &  Rock 

CH2  In-Phase  Twist 

CtHg-C  Vibration 

Ring  Breathing 

C-C  Stretches 

Ring  Breathing 

Ring  Breathing . 

C-C  Skeletal  Stretch 
Ring  Vibration 
Ring  Breathing 
Symmetric  CC14  Stretch 


Acetylene  Gas 

Ethylene  Gas 

Benzene 

Ethylene  Gas 

n-Alkanes 

n-Alkanes 

n-Alkanes 

n-Alkanes 

Diacetylenes 

Acetylene  Gas 

Allenes 

Tetra  Alkyl  Ethylenes 
Methylene  Cyclobutane 
Tri  Alkyl  Ethylenes 
trans-DialkylEthylenes 
cis-Dialkyl  Ethylenes 

r2c=ch2 

Cyclohexene 

Allyl  derivatives 

Ethylene  Gas 

Cyclopentene 

Cyclobutene 

n-Alkanes 

n-Alkanes 

trans-DialkylEthylenes 

n-Alkanes 

n-Alkanes 

Alkyl  Benzenes 

Cyclopropane 

n-Alkanes 

Cyclobutane 

Benzene 

n-Alkanes 

Alkyl  Cyclopentanes 

Cyclopentane 

Carbon  Tetrachloride 
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TIME  MANAGEMENT 


TIME  MANAGEMENT  SUMMARY 


1.  Period  under  consideration  July  1988  -  May  1989 

2 .  Total  number  of  months  Eleven 

3.  Working  days  per  month  considered  Twenty 

4.  Total  number  of  working  days  available  220 

5.  Total  number  of  experiments  conducted  -116 

(Refer  Work  Summary  ) 

6 .  Assuming  one  experiment  takes  one  day 

and  assuming  every  four  days  of  116+116/4  *145 

experiment  requires  one  day  for  cleaning 
of  reactors,  to+al  number  of  days  spent 
for  130  experiments. 

7.  Time  spent  for  analysis  on  SEM  25  days 

(Spare  time  available  on  experiment  days 

plus  one  month  ) 

8.  Total  equipment  use  time  (  6  +  7  )  170  days 

9.  Besides  Course  Work,  the  balance  time 
of  50  days  were  utilized  as  follows: 

-  Familiarization  of  running  of  ' 
experiment,  including  substrate 
preparation,  benzene  run,  reactor 
baking  and  catalyst  deposition. 

-  Familiarization  of  SEM  Analysis 
work  including  sample  preparation, 
use  of  EDX  for  identification  of 
surface  elements,  dot  matrix 
analysis  for  catalyst  density 
measurements . 

-  Trouble  shooting  in  Phase-1  set-up 
and  identification  of  major  problem 
areas  and  suggestion  of  remedial 
schemes/measures . 

-  Complete  Design  and  Engineering  of 
modification  scheme  including  General 
arrangement  and  piping  layout  scheme. 

-  Liaison  with  Sponsored  Research  for 
incorporation  of  equipment  cost  head 
in  budget  and  preparation  of  revised 
cash  flow  document  for  Sandia 
Laboratories’  approval. 

-  Procurement  work  including  Vendor 
identification,  cost  analysis  and 
paperwork/liaison  with  all  concerned 
CSU  departments  for  placement  of 
purchase  orders  for  following  equipment. 
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-  Mono-chromator/Gratings  assembly 

-  Photomultiplier  Tube/Cooled 
Housing/HV  Power  Supply  Unit. 

-  Spare  Thyratron  Switch  for  laser. 

-  Laser  gases  Ar,Xe,HCl. 

-  Ceramic  Reactors. 

-  Optics  and  Mountings ( part ) . 

-  SS  Tubing,  Fittings  and  Valves. 

-  Optical  Cell. 

-  Thermocouples. 

-  Personal  Computer. 

Delivery  expediting  and  follow-up  activities. 
Organizing  Optical  Table  installation  at  ERC. 
Equipment  down-time  due  to  glassware  breakages. 
Assembling  of  new  reactor  set-up,  leak  and 
pressure  testing. 

Examination  break. 
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COST  ALLOCATION 


COST  APPORTIONING 


COST  HEAD 

SANDIA  LABORATORIES 

Monochromator/Gratings 

Photomultiplier  Tube/  } 
Cooled  Housing/  } 

HV  Power  Supply.  } 

Spare  Thyratron  Switch 

Laser  Gases  -  Xe/HCl/Ar 

Shipping  Cost  (Lumpsum) 

Subtotal 

AIRFORCE  GRANT 
Reactors 

Op t i cs /Mount ings 

Tubing/Fittings/Valves 

Cell 

Personal  Computer 
Thermocouples 
Shipping  Cost  ( Lumpsum ) 
Subtotal 


IBM 

Optical  Table 
GRAND  TOTAL 


EQUIPMENT  TOTAL 
ORDERED-?  ESTIMATE- $ 


14,915.00 

5,187.50 

1,922.00 

2,375.00 

1,000.00 

25,399.50 


980.40 

3,696.00 

2,500.00 

150.00 

1,795.00 

50.00 

1,000.10 

10,171.50 


14,915.00 

5,187.50 

1,922.00 

2,375.00 

1,000.00 

25,399.50 


980.40 

8,700.00 

2,500.00 

150.00 

1,795.00 

100.00 

1,000.10 

15,225.50 


35,571.00  40,625.00 
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5.  MONITORING  THE  GROWTH  OF  CARBON  FIBERS  USING 
IN-SITU  LASER  SPECTROSCOPY 


Amit  Inamdar,  Dinesh  Udpa,  Carmen  Menoni  and  Carol  McConica 


A  Introduction 

Scaling  processes  up  from  the  lab  bench  level  to  production  requires  knowing  the  optimal  local  environment 
tor  growth  of  the  fibers  or  films  of  interest.  This  optimal  environment  must  be  expressed  in  terms  of  the  near 
filament  gas  composition  and  temperature  as  well  as  the  chemical  and  physical  nature  of  the  growing  substrate. 
Our  preliminary  studies  from  1986-1990  were  useful  for  finding  flows,  temperatures,  substrates  and  nucleating 
conditions  which  resulted  in  high  aspect  ratio  fibers.  The  conditions  at  the  inlet  of  the  bench  scale  reactor  used  in 
these  preliminary  studies  were  known,  but  not  tne  local  conditions  which  actually  resulted  in  fiber  growth.  Because 
processes  do  not  scale  in  a  linear  fashion,  this  current  information  is  not  useful  in  pilot  plant  design.  It  is  now 
necessary  to  find  the  actual  near  fiber  gas  composition  and  temperature  which  existed  during  the  runs  which  gave 
optimal  fiber  growth.  It  is  also  necessary  to  determine  the  actual  chemical  kinetics  (gas  composition  and 
temperature  dependencies)  independent  of  heat  and  mass  transfer  effects  so  that  a  pilot  plant  can  be  properly 
designed.  Pilot  plants  always  operate  with  significantly  different  heat  and  mass  transfer  conditions,  so  achieving 
the  same  local  chemical  condition  near  the  growing  fibers  with  require  much  different  inlet  conditions  on  the  pilot 
reactor  than  were  used  on  the  laboratory  scale  reactor. 

B.  Equipment 

We  have  designed  and  built  an  apparatus  to  study  the  kinetics  of  low  pressure  to  atmospheric  pressure 
chemical  vapor  deposition  of  carbon  fibers  using  in-situ  Raman  spectroscopy  and  electrical  resistance  measurements. 
The  hardware  consists  of  a  cylindrically  symmetric  wire  reactor,  electronics  to  heat  the  wire,  monitor  its 
temperature  and  resistance,  a  XeCl  eximer  laser,  optics,  monochromator/photomultiplier  and  a  boxcar  averager. 
The  components  are  controlled  by  a  PC/AT  computer  coupled  through  two  serial  interfaces  to  a  digital-to-analog 
converter  and  a  stepping  motor  driver.  Several  BASIC  programs  have  been  written  to  control  the  apparatus,  to 
collect  and  store  data,  and  to  plot  and  analyze  data. 

C.  Hardware 

1.  Wire  Reactor 

The  reactor  depicted  in  Figure  1  is  built  of  2"  O.D.  304  stainless  steel.  It  is  nickel  plated  to  eliminate 
reaction  with  and  contamination  of  the  gaseous  reactants  and  products.  A  5"  long,  .005"  diameter  tungsten  wire 
is  held  on  the  axis  of  the  6"  long  cylinder  by  two  .25"  diameter  nickel  electrodes.  The  electrodes  pass  through  the 
reactor  walls  via  high  vacuum,  electrically  insulating  ceramic  seals.  The  wire  is  heated  with  direct  current  resulting 
from  a  voltage  applied  across  the  electrodes.  Resistance  of  the  wire  is  0.5  ohms  at  room  temperature  and  2.5  ohms 
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at  400  Celsius.  Two  quartz  windows  can  be  mounted  on  opposite  ends  of  the  cylinder  (for  absorption  spectroscopy) 
or  perpendicularly,  as  shown,  for  Raman  or  fluorescence  spectroscopy.  A  vacuum  feedthrough  provides  the  voltage 
output  of  a  chromel-alumel  thermocouple  junction  cemented  to  one  end  of  the  tungsten  wire. 

2.  Optical  System 

For  Raman  spectroscopy,  a  Lambda-Physik  eximer  laser  is  used  with  XeCl  to  deliver  100  mJoule  pulses 
of  20  nsec  duration  (5  MWatt  peak  power)  with  wavelength  308.2  nm  and  0.4  nm  full-width  at  half-maximum. 
Repetition  rate  is  adjustable  from  1  to  10  pulses  per  second.  All  lenses  are  SO  mm  diameter  quartz.  The  first  lens 
focuses  the  laser  beam,  propagating  parallel  to  the  wire,  to  a  0.5  mm  spot  between  the  wire  and  the  side  window. 
The  second  lens  collects  and  collimates  the  scattered  light  from  the  molecule-laser  interaction  region  and  the  third 
lens  focuses  that  on  the  entrance  slit  of  the  monochromator.  The  monochromator  slits  are  set  at  0. 15  mm  width 
and  6  mm  height.  Since  the  lens  system  projects  a  x3  magnified  image  of  the  interaction  region,  light  passing 
through  the  entrance  slit  represents  a  .05  mm  by  2  mm  slice  of  molecules  intersected  by  the  beam.  By  keeping  the 
laser  beam  and  optics  fixed  and  moving  the  reactor,  partial  pressures  of  reactants  and  products  can  be  monitored 
versus  radial  distance  from  the  wire. 

The  monochrometer  is  scanned  by  computer  to  pass  through  its  exit  slit  either  the  Stokes-  or  AntiStokes- 
shifted  scattered  light  where  it  is  detected  by  a  photomultiplier  tube.  For  H2  and  HF,  the  Stokes-shifted  Raman 
scattering  has  a  wavelength  near  350  nm,  well  separated  from  the  Rayleigh  scattered  light  at  308.2  nm.  3. 

3.  Electronics 

Control  and  measurement  of  experimental  parameters  requires  four  electronic  modules,  all  of  which  are 
managed  by  the  computer.  An  Acton  Research  747  stepping  motor  driver  scans  the  monochrometer  and  a  Stanford 
Research  245  boxcar  averager  measures  the  photomultiplier  signal.  A  Stanford  Research  240  computer  interface 
with  8  analog  input/output  channels  is  used  to  read:  1)  the  photomultiplier  signal  averaged  over  100  laser  pulses, 
2)  the  temperature  of  the  tungsten  wire,  3)  the  voltage  drop  across  the  tungsten  wire,  and  4)  the  current  through 
the  tungsten  wire.  The  ratio  of  3)  to  4)  is  the  resistance  of  the  wire.  This  interface  is  also  used  to  send  an  analog 
signal  to  a  transadmittance  amplifier,  the  fourth  electronic  component,  which  controls  the  current  through  the  wire, 
and  therefore  its  temperature. 

We  attempted  to  adapt  and  use  commercial  programmable  temperature  controllers  to  maintain  the  wire  at 
constant  temperature,  but  were  unsuccessful  as  they  are  designed  to  switch  on  and  off  a  fixed  alternating  current 
to  a  heater  (in  our  case  a  wire  with  small  ratio  of  mass  to  surface  area).  The  consequence  of  this  switching  and 
wire  size  resulted  in  wildly  fluctuating  wire  temperature,  even  though  the  controller,  with  its  limited  detection 
bandwidth,  sensed  a  constant  average  temperature. 

To  solve  this  problem  we  built  a  dual  input  transadmittance  amplifier.  This  circuit  translates  manually- 
and/or  computer-controlled  voltages  into  large  direct  currents.  The  manual  control  sets  a  rough,  starting  value  for 
the  current  supplied  to  the  tungsten  wire  while  the  computer  input  makes  small  changes  which  keep  the  wire 
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temperature  within  one  degree  Celsius  of  the  set  point.  This  sophisticated  control  is  necessary,  not  so  much  because 
the  wire  is  so  small.  The  circuit  is  shown  in  Figure  3. 

In  the  temperature  range  of  interest  to  this  study,  thermocouple  voltages  range  from  12  to  18  millivolts. 
The  resolution  of  our  analog-to-digital  converter  is  5  millivolts 

with  a  range  from  -10  to  + 10  volts.  To  make  precise  temperature  measurements  it  is  necessary  to  amplify  the 
thermocouple  output.  For  this  purpose  we  have  built,  on  the  same  circuit  board  as  the  transadmittance  device,  a 
very  high  accuracy  x500  amplifier  with  cold-junction  compensation  and  low-pass  ( <  1  Hz)  filtering.  This  circuit 
is  shown  in  Figure  4. 

D,  Software 

While  software  was  provided  with  both  the  Acton  Research  stepping  motor  driver  and  the  Stanford 
Research  computer  interface,  the  two  programs  are  not  compatible.  Commands  to  the  monochrometer  must  have 
an  end-of-command  indicator,  such  as  carriage-return,  whereas  commands  to  the  eight  analog  input/output  channels 
and  two  digital  channels  of  the  Stanford  interface  cannot  have  any  such  suffix.  In  order  to  control  both  units 
simultaneously  we  had  to  write  our  own  software  for  data  acquisition.  The  programs  were  written  using 
QuickBASIC  4.5  from  Microsoft.  Though  QuickBASIC  programs  can  be  compiled,  and  therefore  executed  quickly, 
it  is  necessary  to  run  the  data  acquisition  programs  uncompiled  to  prevent  loss  of  commands  and  data  over  the  6’ 
serial  interface  lines  to  the  control  units.  Data  analysis  and  plotting  programs  which  do  not  communicate  through 
the  serial  ports  have  been  written  and  run  well  in  compiled  form. 

The  following  are  brief  descriptions  of  programs  written  to:  1)  establish  communication  with  the  two 
incompatible  control  units,  2)  acquire  data  using  the  control  units,  and  3)  to  analyze  stored  data.  Cede  listings  are 
included. 


1.  ARC747  —  Communicate  with  monochrometer. 

Adapted  from  TERMINAL.BAS  included  in  the  QuickBASIC  package,  this  uses  the  computer  as  a  "dumb" 
terminal.  Commands  are  sent  to  the  motor  driver  with  a  carriage-return,  and  replies  to  status  requests  are 
printed  on  the  computer  screen. 

2.  SRS240  --  Communicate  with  Stanford  interface. 

Unable  to  use  the  computer  as  a  terminal,  due  to  carriage-returns  being  fatally  uninterpretable  by  the 
Stanford  interface,  this  program  was  written  to  send  "strings"  without  end-of-command  suffixes,  read 
replies,  and  print  them  to  the  screen. 

3.  RAMAN  —  Acquire  and  plot  a  Raman  spectrum. 

This  program  prompts  user  for  scan  parameters:  starting  wavelength,  scan  length,  wavelength  increment 
and  number  of  laser  shots  to  average.  It  initializes  the  monochrometer  motor  drive,  setting  acceleration, 
velocity  and  steps  for  wavelength  increment.  It  initializes  Stanford  interface  to  synchronous  mode 
(triggered  by  laser)  and  tells  it  the  number  of  pulses  to  average.  Calculates  wavenumber  (cm-1)  shift  from 
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monochrometer  wavelength.  Begins  scan  loop:  read  Stanford  analog  input  channel  #1  to  which  is 
connected  "average  output"  of  boxcar,  plot  the  data  point  on  the  screen,  move  monochrometer  one 
increment.  When  all  points  have  been  acquired  and  plotted,  rescale  the  data  to  fill  the  screen  and  return 
monochrometer  to  starting  wavelength.  Write  data  to  floppy  disk  in  drive  A. 

4.  WIRE  --  Heat  W  wire,  read  temp.,  voltage  and  current. 

Initialize  Stanford  interface  to  asynchronous  mode.  Prompt  user  for  voltage  to  send  to  transadmittance 
amplifier,  wait  for  temperature  to  stabilize.  Read  amplified  thermocouple  voltage  (temperature),  voltage 
drop  across  W  wire,  current  through  wire,  and  print  values  to  screen. 

5.  PLOTCAL  ~  Integrate  area  under  Raman  peak. 

Read  a  data  file  (x,y  array)  from  disk  in  drive  A.  Plot  data  on  screen.  Use  cursor  keys  to  change  baseline 
and  limits  of  integration.  Calculate  area  under  Raman  peak  using  trapezoid  rule.  Print  area  and  peak 
height  to  screen. 

E.  Vacuum  reaction  chamber 

Because  the  purpose  of  this  project  is  to  understand  basic  gas/solid  chemistry  and  gas  phase  chemistry,  a 
reactor  was  designed  which  minimizes  mass  and  heat  transport  effects.  It  is  a  differential  reactor,  in  that  very  little 
of  the  reactants  are  consumed  by  the  very  small  area.  The  depositing  surface  is  a  fine  tungsten  wire  stretched  along 
the  axis  of  a  nickel  coated  stainless  steel  cylinder.  The  local  gas  composition  is  monitored  with  the  laser  Raman 
signal  of  key  reactants  and  products.  The  laser  measurements  can  be  correlated  to  mass  spectroscopy  measurements 
taken  with  a  microprobe  placed  near  the  growing  filaments.  Complex  reaction  dynamics  can  be  unravelled  by 
making  step  changes  in  wire  temperature  or  gas  composition  land  watching  the  gas  phase  composition  response. 

The  reactor  is  plumbed  by  a  turbomolecular  pump  and/or  a  corrosion  resistant  mechanical  pump.  The  lines 
are  stainless  steel,  but  the  chamber  and  the  lines  to  the  pumping  system  are  nickel  coated.  This  reactor  is  built  and 
can  be  pumped  to  10-7  torr.  when  it  is  desired  to  study  reactions  on  flat  substrates,  a  small  piece  of  a  wafer  will 
be  suspended  within  the  reactor  and  heated  by  passing  a  current  through  the  sample,  a  standard  technique  in 
ultrahigh  vacuum  studies.  Eventually  the  chamber  itself  can  be  replaced  with  one  which  can  accommodate  large 
sized  substrates.  The  walls  of  the  reactor  are  kept  cold  to  prevent  deposition  and  growth  on  the  walls  and  windows 
of  the  reactor.  For  reactants  which  require  a  significant  residence  time  at  high  gas  temperatures  in  order  to  allow 
for  the  homogeneous  formation  of  a  precursor,  the  wire  will  probably  run  hotter  in  this  cold  wall  system  in  order 
to  achieve  the  same  fiber  growth.  The  gas  composition  can  be  monitored  as  a  function  of  time  and  distance  from 
the  wire  with  the  reactor  in  batch  mode  to  selectively  identify  homogeneous  and  heterogeneous  reactions. 

F.  Gas  calibration  studies 

Calibration  curves  have  been  completed  for  nitrogen,  hydrogen  and  methane  from  atmospheric  pressure 
down  to  3  torr  as  seen  in  Figures  5,6  and  7.  The  signal  at  one  torr  is  obtained  by  scanning  for  25  A,  averaging 
over  100  samples.  For  a  laser  frequency  of  10  Hz  and  a  resolution  of  0.25  A,  the  running  time  is  15  minutes  per 
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sample.  A  narrower  scan  width  will  allow  much  more  frequent  sampling.  Changing  the  PMT  will  gi’  e  the  added 
sensitivity  in  the  subtorr  rang  if  it  is  found  to  be  necessary.  For  the  hydrogen  calibration,  peak  area  versus 
hydrogen  pressure  is  linear  with  a  least  squares  correlation  of  0.9994.  A  subtorr  pressure  gage  has  been  purchased 
so  that  calibrations  below  1  torr  can  begin. 
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FIGURE  1.  Wire  CCVD  reactor 
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FIG.  2  Optical  System  for  Raman  Spectroscopy 
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FIGURE  3.  Transadmittance  Amplifier  with  manual  and  computer  control.  All  resistances  in  kilo-ohms  except 
sensor.  HP6012jJ  is  a  Hewlett  Packard  constant  voltage  1000  W  power  supply.  TIP122  is  an  NPN  Darlington 
transistor. 


IGURE  x4.  Thermocouple  Amplifier  with  Cold  Junction  Compensation  and  Input  Low-Pass  Filtering  (<  I  Hz). 
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Units) 


METHANE  CALIBRATION  CURVE 


Figure  7.  Calibration  of  Methane  Laser  Raman  Signal  versus  Pressure 
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6.  ADDITIONAL  ACCOMPLISHMENTS 


I.  X-ray  diffraction  of  CCVD  carbon  fibers 
under  applied  stress 

II.  Numerical  simulation  of  carbon  whisker  growth 

III.  Carbon  Boron-Nitride 

IV.  Other  related  work  completed  including  a  book 

I.  X-RAY  DIFFRACTION  OF  CCVD  CARBON  FIBERS 
UNDER  APPLIED  STRESS 

X-ray  diffraction  provides  important  information  about  the  structure  of  carbon  fibers.  The  inter-layer 
spacing  and  the  in -plane  crystallite  size  of  carbon  fibers  can  be  obtained  from  the  diffraction  lines  and  their  half 
width  at  half-maximum  intensity.  The  diffraction  linewidth  in  the  azimuthal  direction  also  measures  the  preferred 
orientation  of  carbon  ribbons.  This  method  has  been  used  to  characterize  CCVD  fibers  [1]  as  well  as  other  types 
of  carbon  fibers  such  as  ex-PAN  fiben  [2].  The  misorientation  angles  $  deduced  from  the  azimuthal  linewidth  of 
the  (002)  diffraction  line  have  been  used  to  calculate  the  Young’s  modulus  of  carbon  fibers  to  test  theoretical 
models  [3]. 

Another  phenomenon  called  "strain  stiffening"  has  been  observed  especially  in  CCVD  fibers.  Young’s 
modulus  increases  with  applied  stress  by  28%  [2]  and  torsional  modulus  increases  by  as  much  as  100%  [4].  They 
are  believed  to  be  due  to  the  improvement  of  preferred  orientation  of  graphene  planes  as  suggested  by  Curtis 
et  al.,  [5).  Because  of  its  capability  of  providing  information  about  preferred  orientation,  x-ray  diffraction  of 
CCVD  fibers  under  applied  stress  can  be  used  to  distinguish  this  postulation.  Therefore,  we  felt  that  it  was 
important  to  attempt  to  carry  out  this  experiment. 

X-ray  diffraction  is  a  well  developed  technique.  Considering  a  monochromatic  x— ray  beam  of  wavelength 

A 

X  incident  on  a  crystal,  diffraction  occurs  when  the  scattered  wave  vector  kj  =  27rkS/X  satisfies  the  condition: 

A  k  =  (ks  -  k0)  =  G  (1) 

A 

where  ko  =  27rlq)/\  is  the  wave  vector  of  the  incident  beam,  G  is  any  reciprocal  lattice  vector  of  the  crystal. 

The  inter-layer  spacing  d^  between  the  (hkl)  planes  arc  obtained  according  to  Bragg’s  law: 

nX  =  2dWcisin0MJ  (2) 

where  0^  is  Bragg  angle.  The  interplanar  separation  c  which  is  measured  by  the  (002)  x-ray  diffraction  d^ 
indicates  the  degree  of  graphitization  of  a  carbon  fiber.  A  parameter  called  the  graphitization  index  gp  is  suggested 
by  Dresselhaus  et  al.,  [3]: 
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gp  =  (0.344  -  d) / (0 . 344  -  0.3354) 


(3) 


If  the  graphene  planes  were  perfectly  aligned  with  the  fiber  axis  which  is  perpendicular  to  the  x— ray  beam 
in  a  diffraction  experiment,  the  (002)  diffraction  would  be  a  sharp  dot  on  the  film.  The  misorientation  of  these 
planes  results  in  a  spot  smeared  in  the  azimuthal  direction  on  the  film.  Therefore,  the  misorientation  angle  is 
obtained  by  measuring  the  half-width  at  half  maximum  intensity  of  (002)  peak. 

X-ray  diffraction  study  of  CCVD  carbon  fibers  was  attempted  in  our  lab.  The  geometry  of  the  experiment 
is  illustrated  in  Fig.  1.  X-ray  beam  is  produced  by  a  molybdenum  tube.  The  fibers  are  mounted  vertically  and 
perpendicular  to  the  x-ray  beam.  Weights  are  hung  on  to  the  lower  end  of  the  fibers  through  a  clamp  to  apply 
stress.  The  figure  also  shows  the  schematic  of  the  misorientation  angle  $. 

The  thin  CCVD  fibers  (—7  jtm  diameter)  are  technically  important.  At  first,  we  used  about  100  fiber 
bundle  for  the  diffraction  study.  A  combination  of  epoxy  and  mechanical  clamping  jigs  were  employed  to  hold  the 
fiber  bundle  (Fig.  2).  However,  up  to  36  hours  of  exposure  of  x-ray  diffraction  did  not  show  any  distinguishable 
patterns.  Next  attempt  was  made  on  20  thicker  (~50  /im  diameter  each)  fiber  bundle.  Diffraction  of  (002)  spot 
was  obtained  but  lacked  details  for  quantification  with  applied  stress.  A  quick  calculation  indicates  that  the  effective 
volume  of  20  thick  fibers  is  equivalent  to  more  than  500  thin  fibers.  It  is  almost  impossible  to  mount  this  many 
fibers  and  maintain  a  constant  stress  per  fiber.  Therefore,  conventional  x-ray  facility  is  not  appropriate  for  this 
kind  of  study.  The  reasons  are:  first  of  all,  conventional  x-ray  tube  does  not  provide  enough  x-ray  flux  to  obtain 
a  clear  pattern  for  a  reasonable  exposure.  Secondly,  the  background  diffraction  is  to  high  to  achieve  sharp  contrast 
pictures.  The  only  possible  method  is  to  use  synchrotron  radiation  which  has  high  x-ray  intensity  and  high 
monochromaticity  to  give  optimum  information  in  a  relatively  short  exposure.  These  measurements  are  extremely 
important  in  correlating  other  mechanical  properties  of  carbon  fibers. 

H.  NUMERICAL  SIMULATION  OF  CARBON  WHISKER  GROWTH 

This  work  was  conducted  on  a  subcontract  by  Prof.  Dimitri  D.  Vvedensky  (The  Blackett  Laboratory, 
Imperial  College).  There  is  very  little  reported  on  the  theoretical  calculation  of  whisker/filament  growth  of  carbon 
fibers.  However,  considerable  progress  has  been  made  on  the  semiconductor  technology.  Specifically,  numerical 
simulation  of  molecular  beam  epitaxial  (MBE)  growth  of  semiconductor  structures.  On  a  parallel  basis  to  the  MBE, 
attempt  was  made  to  numerically  simulate  the  whisker  growth  of  carbon  fibers. 

Only  preliminary  progress  has  been  made.  Further  work  is  required  to  complete  this  research.  The 
following  possible  pathways  to  whisker  growth  have  been  identified: 

*  Spiral  Defects  -  We  simulated  crystal  growth  under  a  continuous  flux  of  atoms  on  a  substrate  into  which 
we  embedded  a  linear  dislocation,  with  spiral  defects  at  each  terminator.  This  procedure  yielded  a 
growth  mode  similar  to  that  of  a  whisker,  however,  the  structure  generated  had  a  very  low  height  to 
diameter  aspect  ratio,  unlike  those  observed  experimentally 

*  Location  of  Nucleation  Centers  -  Using  a  considerably  simplified  algorithm  we  analyzed  a 
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sputter/redeposition  process.  Atoms  were  removed  from  the  surface  and  redeposited  in  a  random 
fashion  with  the  exception  that  a  small  fraction  of  surface  atoms  acted  as  immovable  nucleation  centers. 
Atoms  landing  upon  a  nucleation  point,  become  nucleation  points;  atoms  landing  adjacent  to  a  nucleation 
point  become  fixed  atoms  -  otherwise  they  remain  subject  to  another  sputtering  event.  This  procedure 
resulted  in  whiskers  with  very  high  aspect  ratios  and,  although  somewhat  simpler  than  the  previous 
technique,  is  more  in  accord  with  the  experimental  situation.  The  results  is  shown  in  Fig.  3. 

In  a  parallel  effort  we  have  under  taken  a  major  revision  of  our  simulation  code,  incorporating  a  considerably 
more  efficient  and  versatile  algorithm.  Based  upon  the  generation  of  random  events,  driven  by  cumulative  rate 
equations,  this  has  yielded  a  two  order  of  magnitude  improvement  in  processing  speed.  This  allows  the  use  of  micro 
rather  than  super  computers,  considerably  reducing  development  costs. 

Two  benefits  from  the  simulation  of  whisker  growth  occur  from  these  developments: 

*  We  can  study  near-equilibrium  phenomena,  such  as  whisker  growth,  as  the  program  rescales  its  time 
increment  according  to  the  level  of  surface  activity. 

*  The  event  generation  strategy  of  the  code,  facilitates  ease  of  addition  of  extra  events,  such  as  ion -atom 
scattering,  as  well  as  surface  diffusion  and  atom  incorporation. 

m.  CARBON-BORON  NITRIDE  AND  HOPG 

1.  Properties  and  Characterization  of  Codeposited  Carbon  Boron  Nitride  and  Carbon  Materials 

A  full  publication  our  work  on  C-BN  has  been  presented  in  J.  Applied  Physics  65,  5109-5118  (1989). 
A  reprint  has  been  given  in  the  Appendix.  The  physical  properties  of  carbon-boron  nitride  (C-BN)  prepared  from 
mixtures  of  BC13,  NH3,  and  selected  hydrocarbons  by  co— deposition  methods  have  been  investigated  using  x-ray 
diffraction,  electron  diffraction,  TEM,  XPS,  Raman  scattering,  optical  reflectivity,  thermal  conductivity, 
thermopower,  and  electrical  resistivity.  Taken  collectively,  the  results  of  these  experiments  indicate  that  the 
compression— annealed  C— BN  materials  studied  here  consist  of  separated  domains  of  pyrolytic  boronated  graphite 
and  pyrolytic  boron  nitride,  while  as— deposited  samples  may  possibly  be  a  single  phase  mixture  of  C,  B,  and  N. 

2.  Galvanomagnetic  Studies  of  HOPG 

In  an  earlier  chapter  a  program  for  the  growth  of  straight  and  thin  carbon  fibers  was  described.  The 
technique  involved  Catalytic  Chemical  Vapor  Deposition  (CCVD).  Included  in  the  study  was  a  substrate  dependent 
growth.  CCVD  of  carbon  fibers  were  prepared  from  benzene  and  hydrogen  with  Fe  catalyst.  In  one  of  the  studies, 
effect  of  employing  Highly  Oriented  Pyrolytic  Graphite  (HOPG)  substrates  was  carried  out.  A  conflicting 
observation  was  made.  It  was  found  that  the  catalyst  particle  resided  perhaps  on  the  surface  of  substrate  rather  than 
on  the  tip  of  the  filament.  Surface  examination  revealed  a  lack  of  catalytic  particles  after  growth.  Therefore,  an 
electrical  characterization  of  the  HOPG  substrates  was  undertaken  to  determine  the  disappearance  of  the  Fe  catalyst 
via  diffusion. 

The  results  of  resistivity  measurements  were  surprising.  The  resistivity  curve  for  the  modified  sample  is 
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shifted  downwards  and  the  temperature  coefficient  becomes  more  positive  indicating  that  graphitization  has  occurred. 
The  curve  is  similar  to  ones  obtained  on  samples  heat  treated  to  3000°C  or  higher,  but  the  sample  has  not  been 
heated  above  1100°C!  This  is  similar  to  the  result  obtained  on  CCVD  fibers  prepared  at  700°C  with  Ni  catalyst 
on  Si  surfaced  (Zhao  et  al.,  1988).  It  is  known  that  Fe  can  catalyze  graphitization,  but  the  present  results  are 
exceptional.  It  is  possible  that  there  is  technological  significance. 

Several  samples  of  HOPG  were  coated  with  Fe  and  heated  to  temperatures  in  the  range  of  800-1000°C. 
No  changes  in  the  resistivity,  magnetoresistance  or  the  Hall  effect  of  the  magnitude  expected  were  observed. 
Measurements  at  4.2  K  and  fields  up  to  15  Tesla  also  showed  no  evidence  of  enhanced  graphitization  of  the  HOPG 
due  to  Fe  diffusion.  Therefore,  further  work  is  required  before  any  conclusions  can  be  made  on  the  disappearance 
of  the  Fe  catalyst  from  the  surface  of  the  HOPG  substrate  during  CCVD  at  ~  1000°C,  and  why  there  is  a  large 
reduction  in  the  resistivity  of  the  catalyzed  HOPG  compared  to  the  untreated  substrate. 

TV.  OTHER  RELATED  WORK  COMPLETED 

1.  Book-Graphite  Fibers  and  Filaments 

Professor  Ian  L.  Spain  was  a  co-author  of  a  book  entitled  Graphite  Fibers  and  Filaments  that  was  bound 
and  published  during  the  present  contract  period.  The  book  describes  the  preparation,  microstructure  and  defects, 
electronic  structure,  lattice,  thermal,  mechanical,  magnetic,  electrical  and  high  temperature  properties  of  carbon 
fibers,  together  with  modifications  introduced  by  intercalation  and  ion  implantation.  It  concludes  with  a  brief 
discussion  of  applications.  Particular  attention  is  given  to  the  newly  developed  vapor-grown  fibers,  in  an  effort 
to  elucidate  the  ultimate  capabilities  of  cark  n  fiber  science  and  technology. 


The  list  below  gives  the  book  chapters. 

1.  Introductory  Material  on  Graphite  Fibers  and  Filaments . I 

2.  Synthesis  of  Graphite  Fibers  and  Filaments . 2 

3.  Structure  . 35 

4.  Lattice  Properties . 85 

5.  Thermal  Properties . . . 106 

6.  Mechanical  Properties  . 120 

7.  Electronic  Structure . 153 

8.  Electronic  and  Magnetic  Properties . 172 

9.  High  Temperature  Properties . 230 

10.  Intercalation  of  Graphite  Fibers  and  Filaments  . 244 

11.  Ion  Implantation  of  Graphite  Fibers  and  Filaments . 292 

12.  Applications  of  Graphite  Fibers  and  Filaments  . 304 


2.  X-Ray  Diffraction  Data  for  Graphite  to  20  GPa 
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A  paper  on  high  pressure  effect  on  graphite  was  published  during  the  present  contract.  (See  Appendix.) 


3.  The  Role  of  Sputter  Redeposition  in  the  Growth  of 
Cones  and  Filaments  on  Carbon  Surfaces  During 
Ion  Bombardment 

A  paper  on  the  growth  of  carbon  filaments  using  high  energy  (~  1  keV)  argon  ions  was  published  in  the 
J.  Vac.  Sci.  Technology  M,  3907  (1990).  Considerable  interest  has  been  shown  by  other  laboratories  on  this 
report.  The  whole  paper  is  given  in  the  Appendix. 

REFERENCES 

1.  G.  G.  Tibbets  and  C.  P.  Beetz  Jr.,  J.  Phys.  D:  Appl.  Phys.  20,  292  (1987). 

2.  H.  A.  Goldberg,  Final  Report  to  U.S.  Army  Research  Office,  Contract  No.  DAAE29-81-C-0016, 
unpublished  (1985). 

3.  M.  S.  Dresselhaus,  G.  Dresselhaus,  K.  Sugihara,  I.  L.  Spain,  and  H.  A.  Goldberg,  "Graphite  Fibers  and 
Filaments,"  Springer-Verlag,  Berlin  (1988). 

4.  Jianhui  Chen  and  Dinesh  Patel,  to  be  submitted. 

5.  G.  J.  Curtis,  J.  M.  Milne,  and  W.  N.  Reynolds,  Nature  220,  1024  (1968). 


211 


CARBON  FIBER 


Fig.  1  A  schematic  diagram  of  the  set  up  for  x-ray  diffraction  of  CCVD  carbon  fibers  under 
applied  tensile  stress.  A  flat  plate  camera  is  employed  to  record  the  pattern.  The  inset 
show  the  geometry  of  the  crystallite  with  the  fiber  axis. 


Fig.  2  Sample  mount  for  x-ray  diffraction  of  carbon  fiber  bundle  under  applied  tensile 
loading. 
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ABSTRACT 

Electrical  noise  at  low  frequency(10-60Hz)  have,  been  measured  for  the  first  time  in  carbon  fibers  whilst 
♦hey  were  subjected  to  tensile  stress.  The  measurements  were  performed  at  room  temperature.  Low  modulus  ex- 
PAN  carbon  fibers  showed  a  small  reduction  in  the  noise  level  for  small  stress.  However,  at  higher  stress  the  noise 
level  increased  gradually  until  fiber  breakage.  Measurements  were  also  made  on  a  higher  modulus  PAN  fiber  and 
Catalytic  Chemical  Vapor  Deposited  fibers  (as-grown  and  annealed).  One  expected  the  fiber  microstructure  to 
become  more  aligned  with  stress  thereby  reducing  the  noise  until  fiber  breaks  when  the  noise  would  sharply 
increase.  Our  results,  however,  show  that  the  stress  dependant  noise  in  these  fibers  are  combination  of  parameters 
such  as  fibril  alignment  and  electronic  carriers.  Models  have  been  proposed  to  explain  the  noise  behavior  in  these 
fibers. 
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2.  The  Electrical  Noise  of  Carbon  Fibers-  The  Dependence  on  Temperature 
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ABSTRACT 

Low  temperature  (80-300K)  electrical  noise  have  been  measured  in  carbon  fibers  with  varying  degree  of 
ordering.  This  report  is  an  extension  of  our  first  publication  (Journal  of  Applied  Physics  66,  4284-87  (1989) 
involving  low  frequency  noise  in  these  fiber:.  The  temperature  dependent  1/f  noise  power  spectra  in  these  carbon 
fibers  showed  considerable  details.  Noise  power  show  maxima  at  230K  and  ~300K.  These  may  be  interpreted 
as  multilevel  electronic  states  that  are  probably  common  to  all  the  fibers.  Existing  models  based  on  noise 
measurements  on  non-fiber  systems  no  not  exactly  explain  our  temperature  dependence. 
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ABSTRACT 

At  room  temperature,  the  piezo resistance(PR)  in  ex-PAN  and  pitch  based  fibers  was  found  to  be  weakly 
positive  for  turbostratic  fibers,  falling  to  increasingly  negative  values  as  Young’s  modulus  increased.  The  negative 
PR  was  attributed  to  an  electronic  contribution  to  the  PR  which  becomes  more  important  as  the  graphitization  of 
the  fiber  increases.  At  1  IK,  the  amount  of  negative  PR  in  the  high  moduli  fibers  was  reduced  compared  to  300K. 
No  temperature  dependence  was  observed  for  the  low  moduli  fibers.  At  300K,  the  PR  of  annealed  CCVD  high 
modulus  fiber  is  positive  compared  to  the  negative  values  for  high  modulus  PAN  and  pitch  fibers.  The  positive  PR 
in  this  CCVD  fiber  is  due  to  the  high  degree  of  3D  ordering.  Here  we  have  observed,  for  the  first  time,  a  positive- 
to-negative  transition  in  PR  tt  low  temperature.  This  result  is  an  indication  that  perhaps  new  phenomenon  exist  in 
these  annular  or  tree-ring  annealed  CCVD  fibers. 
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4.  Diameter  Dependent  Young’s  Modulus  of  Vapor  Grown  Carbon  Fibers. 
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ABSTRACT 

A  simple  yet  accurate  test  apparatus  for  stress-strain  profiling  has  been  developed  using  linear  variable 
differential  transformers.  Displacement  resolutions  of  about  2/xm  can  be  detected  with  ease.  This  is  sufficient  for 
single  carbon  fibers  which  typically  have  strain  values  less  than  1%.  Young’s  modulus  of  vapor  grown  carbon 
fibers  with  varying  diameters  have  been  measured  successfully.  Results  show  a  decrease  in  the  Young’s  modulus 
with  increasing  fiber  diameter.  A  value  of  200  ±  15  GPa  was  obtained  for  an  8/rm  sample  in  agreement  with  values 
reported  elsewhere,  however  somewhat  lower  values  <  100  GPa  were  obtained  for  larger  ~20/im  diameter  fibers. 
Step-like  stress-strain  profiles  were  recorded  on  the  annealed  ( >  2500°C)  vapor  grown  carbon  fibers.  All  results 
are  discussed  in  terms  of  a  tree  ring  morphology  of  the  vapor  grown  carbon  fibers. 
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Diameter  Dependent  Young’s  modulus  of  Vapor  Grown 
Carbon  Fibers  from  Loop  Test 


ABSTRACT 

Diameter  dependent  (6)  Young’s  modulus  (Ey),  of  as-grown  CCVD  carbon  fibers  were  obtained  from  a 
single  batch.  The  measurements  were  made  during  loop  test  of  single  fiber.  Results  show  decreasing  Ey  with  fiber 
diameter  increasing  from  5  to  10/im.  Then  an  increase  in  Ey  with  lO<0<2O/im.  Other  reports  of  dE^/dd  show 
a  general  negative  behavior  with  large  range  of  0(O-lOO/tm).  However,  our  study  for  the  first  time  on  a  single  batch 
of  fibers  ranging  from  5  to  20/xm  have  shown  a  detailed  behavior  previously  unseen  or  masked  by  the  large  number 
of  measurements.  Our  interpretations  are  based  on  microstructural  entities,  within  the  annular  morphology  of  the 
CCVD  carbon  fibers.  A  Matthiessen’s  type  of  behavior  has  been  inferred  for  the  Ey,  [Ey=  l/(Ea/E}]. 
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6.  Torsional  Modulus  of  Vapor-denositea  Carbon  Fibers 

J.  Chen  and  D.  Patel 

Physics  Department,  Colorado  State  University,  Fort  Collins,  CO  80523 


ABSTRACT 

The  torsional  modulus  (G)  of  catalytic  chemical  vapor-deposited  (CCVD)  carbon  fibers  of  both  as- 
grown  and  annealed  samples  were  determined  with  a  torsion  pendulum.  G  is  found  to  be  both  stress  and  size 
dependent.  The  extrapolated  zero-stress  value  of  torsional  modulus  is  105  ±  5  GPa  for  a  5.4  /im  diameter  as- 
grown  fiber  and  200  ±  10  GPa  for  a  8.4  #tm  diameter  annealed  fiber.  G  decreases  with  increasing  diameter. 
These  unusually  high  values  of  torsional  moduli,  compared  to  other  types  of  carbon  fibers,  are  believed  to  be 
the  results  of  the  tree-ring  structural  morphology  and  the  degree  of  graphitization  of  these  CCVD  fibers. 
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Thickened  re-PAN  Carbon  fibre  by  Vapor  Pewsitiw 
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Physics  Department  #  Agricultural  &  Chemical  Engineering  Department 
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*  Present  address  Northern  Carbon  Research  Lab,  University  Newcastle  Upon,  U.K 


ABSTRACT 

Ex-PAN  fibers  were  thickened  to  varying  degrees  by  vapor  deposition  of  hydrogen/acetylene  gaseous 
mixtures.  The  pyrolysis  of  the  hydrogen/acetylene  mixture  can  produce  two  distinct  forms  of  carbon:  (1) 
vitreous  pyrolytic  carbon  and  (2)  colloidal  soot.  The  production  of  vitreous  pyrolytic  carbon  is  favored  when 
the  partial  pressure  of  acetylene  is  low.  T.e  reaction  conditions  (partial  pressure  of  acetylene,  total  gas  flow, 
and  time)  were  varied  to  optimize  the  thickening  rate  and  minimize  non-uniform  growth  along  the  length  of  the 
fiber.  The  same  reaction  mechanism  controlling  the  thickening  of  CCVD  filaments  appears  to  control  this 
thickening  of  ex-PAN  carbon  fibers.  Both  are  composed  of  concentric  rings  of  pyrolytic  carbon.  10-300K 
temperature  dependent  electrical  resistivity  have  been  obtained.  Magnetoresistance  measurements  at  4.2K  and 
fields  up  to  15  Tesla  have  been  carried  out. 
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Relation  between  Structural,  elastic  andjigzQ-raigtiyc  prppyrtte  pf  carbon  fibers, 


H.  A.  Goldberg,  F.  Haimbach,  J.  Stamatoff,  and 
Celanese  Research  Company,  Summit,  NJ  87901 
I.  L.  Spain 

Physics  Department,  Colorado  State  University,  Fort  Collins,  CO  80523 


ABSTRACT 

The  piezo-resistance  coefficient  of  several  ex-PAN  and  pitch  carbon  fibers  has  been  obtained  at  room 
temperature.  The  coefficient  is  positive  for  poorly  grgaphitized  fibers  with  low  modulus  of  Young’s  modulus, 
and  falls  to  increasingly  negative  values  as  the  graphitization  index  and  Young’s  modulus  increases.  A  model 
which  qualitatively  explains  the  observed  trends  is  presented,  based  on  geometrical  and  electronic  contributions 
to  the  coefficient.  Structural  and  mechanical  data  are  presented,  allowing  the  parameters  of  interest  to  the  above 
model  to  be  evaluated.  The  data  allow  the  relationship  of  Young’s  modulus  to  elastic  and  structural  parameters 
tobe  investigated  more  carefully  than  has  been  dene  before. 


(sumbitted  and  reviewed  by  Philosophical  Magazine) 
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ujaamicnoN. 

Vapor  frown  carbon  fiber  (VGCF)  repraaenu  a  new  type 
of  carbon  fiber  in  contrail  to  pitch-based  and  PAN-b***d 
procured*.  Produced  from  the  vapor  auto  by  pyrolytia  of 
methane,  VGCP  ha*  bean  under  limited  development  in  Japan 
(Shinahu  Umvtreily,  Nikki ao.  NKK  Ltd.)  and  die  United  State* 
(Gwatal  Motors  Corporation,  Applied  Scieocee,  Inc.)  over 
approximately  the  paat  tan  yean.  Owing  to  the  production  method 
of  VQCF,  it  ia  relatively  aaay  to  produce  carbon  fiber  in  which  the 
morphology  can  be  varied  from  virtually  amorphous  to  nearly 
iin|ta  crystal  fraphita.  Since  heat-treated  VGCF  closely  resembles 
I raphiU  *ia|la  eryitala  in  both  structure  and  propartiaa,  it  providca 
a  unique  structure  on  which  to  investigate  the  limit*  of  graphite 
fiber- based  compoailaa.  Beyond  this,  novel  chemistry  nan  be 
applied  to  improved  upon  tbs  single  crystal  limits  for  properties 
such  as  oxidation  roei  stance  and  electrical  sensitivity,  with  possibly 
acceptable  tradeoffs  in  other  physical  properties.  Again,  because 
changes  in  production  phase  fiber*  are  prohibitively  expensive, 
thaaa  novel  approaches  have  not  been  extensively  explored. 

Production  of  VGCF  geometries  ranging  from  fiber 
diameters  of  0.01  pm  to  100  pm,  and  fiber  lengths  from  microns 
to  maters  or  longer  is  currently  possible.  Convenience  and 
economy  of  production  suggest  that  fiber  with  diameter*  lower  thin 
those  conventionally  obtained  from  pitch  or  PAN-based  precursors 
could  be  produced  in  large  quantities,  for  use  in  composite*  for 
electromagnetic  shielding  and  other  electric  or  electromagnetic 
applications.  While  intercalation  of  fiber  with  diameters  in  the  5 
to  10  pa  range  has  been  shown  to  produce  a  decrease  in  the 
electrical  resistivity  of  up  to  a  factor  of  tan,  the  potential  for 
altering  the  resistivity  of  smaller  diameter  fibers  is  not  well- 
established. 

The  electrical  resistivity  of  the  fiber  ia  an  intrinsic  property  of 
the  fiber  which  is  useful  for  asiassing  the  utility  of  fiber  in 
electrical  and  electromagnetic  applications,  as  well  u  in 
determining  tb*  relative  degree  of  graphiti ration  and  crysullita  sire 
within  Ibe  fiber.  Thus,  the  resistivity  bear*  implications  on  other 
properties  of  (be  fiber  such  ss  strength,  modulus,  and  thermal 
conductivity,  and  can  therefore  be  a  useful  tool  in  quality  assurance 
of  the  fiber  production  pro  pis*.  While  tb*  resistivity  should  be 
diameter  indepeodeot,  this  is  not  the  observed  case  both  for 
pristine  and  intercalated  VGCF.  In  the  case  of  pristine  fiber,  the 
resistivity  is  believed  to  be  influenced  by  increased  strain  in  the 
lattice  ttructuie  of  asially-drciimfereoUal  graphene  plana*  as  th* 
diameter  daersasa*.  In  the  case  of  intercalated  fiber  this  affect  it 
compounded  by  a  depletion  layer  from  which  the  intcicalant 
escape*  following  removal  of  the  fiber  from  the  intercalation 
reaction  chamber1.  The  depth  of  th*  apparent  depletion  layer  ia 
influenced  by  degree  of  graphitic  perfection,  and  is  larger  for  the 
more  graphitic  fibers  suck  as  VGCF  because  of  the  greater  order 
of  graphitic  plants.  The  depletion  layer  can  be  expected  to 
dominate  the  resulting  resistivity  of  an  intercalated  fiber  a*  the 
diameter  of  the  fiber  decreases  to  values  which  approach  the  depth 
of  the  depletion  layer. 


EXPERIMENTAL  PROCEDURE. 

Four  rampU*  of  VOCF  were  prepared.  Two  samples 
ware  eoopoeed  of  portion  and  brominaied  VGCF  where  th* 
diameters  ware  selected  between  a  range  of  10  to  55  pm.  The 
other  two  templet  wan  made  up  of  fibers  with  an  average 
diameter  of  2,7  pm  Figure  I  is  a  histogram  showing  the 
distribution  of  diameters  for  the  latter  aamplaa  at  detennined  by 
compwerfirtnd  image  analysis. 

All  VGCP  aamplaa  Ware  baei-timtad  to  2100  NJ  for  tan 
minute*.  Bromine  intercalated  VGCF  aamplaa  wan  prepared  by 
exposure  to  a  saturated  bromine  vapor  over  a  nine  day  period. 
Following  inlercalatien.  the  fibere  wen  allowed  to  degas  at  room 
temperature  over  a  three  day  period  while  exposed  toe  gentle  flow 
of  dry  air. 

A  four  point  probe  method  teas  used  to  measure  the 
electrical  resistivity  of  VGCF  at  room  temperature.  In  conjunction 
with  th*  resistivity  maaaurtmanu,  fiber  diametare  ware  mtsturtd 
with  a  resolution  of  ±0.3  microns.  Sample  length  was  typically 
4  to  5  miUimalan,  with  I  mm  contact  aaparatioo.  Micro-circuit 
type  sample  mounts  wan  prepared  in  oidar  to  nmiauin  eonslrtency 
between  sample  maanuamtnU.  Th*  ratio  between  contact  sin  and 
distance  between  potential  taada  was  Isas  than  10*.  Conducting 
silver  epoxy  was  used  to  contact  the  fiber*  to  th*  sample  mount. 
Sample  currents  wen  kept  low  to  avoid  sample  heating.  Typical 
currents  of  10  panq»  were  employed  in  these  resistivity 
measurement*.  Sample  potential  wu  detected  with  s  dc  amplifier 
capable  of  up  to  10*  gain.  For  each  fiber,  1000  measurements 
war*  performed  automatically  over  about  10  minutes,  and  an 
avenge  resistivity  for  that  fiber  was  obtained. 

RESULTS  AND  DISCUSSION. 

Room  temperature  resistivity  of  pristine  and  brominaied 
VOCF  ia  shown  in  figure  2  for  fiber  ranging  from  10  to  55  pm. 
A  noticeable  decrease  in  resistivity  was  observed  for  th* 
bromi nated  sample*.  In  fiact, «  50*  deer  tea*  was  observed  for  the 
brominaied  sample*.  Than  is  only  a  small  diameter  dependence 
of  th*  resistivity  in  thane  fibere.  The  scatter  in  the  dau  is 
consistent  with  results  on  b*tuao*>d*riv*d  fiber1  whan  plotted  on 
a  log  scale.  In  the  batch  of  bromine tnd  sample*,  only  10  to  30  pm 
diameter*  wen  available. 

Results  of  th*  reaiativily  maaturemnoU  on  a  number  of 
smaller  (2.7  pm)  are  shown  in  figure  3.  Th*  pristine  fiber  has  an 
average  reaisrivity  of  309  ±  100  M-ohm  cm,  whereas  the 
brominaied  set  showed  an  average  reaisrivity  of  43  ±  13  micro¬ 
ohm  cm  for  up  to  15  aanplet.  For  the**  smaller  diameter  fibere, 
the  relative  scalier  in  the  data  are  similar  to  thorn  of  the  larger 
fibere. 

Figure  4  shows  the  result*  of  diameter  dependent 
reaiativily  for  all  the  sample*  ranging  from  2  to  55  pm,  both 
pristine  and  brominaied.  This  figure  shows  that  there  U  clearly  so 
increase  in  the  resiadvity  as  tb*  decreases,  as  expected 

according  to  remits  obtained  in  reference*  1  and  2.  These  data 
also  show  *  stronger  affect  from  intercalation  on  the  small 
diameter  fibers  than  on  luge  di amour  fiber*.  This  may  result 
from  the  thinner  fibere  being  easier  to  brominate  than  the  larger 
diameter  fibers  within  the  same  conditions. 

The  results  of  the  atm  cfTact  study  on  derived 

fiber**  arc  abown  by  tbs  solid  lias  in  figure  3.  The  resistivities  of 
both  tha  pristine  and  brominaied  carbon  fiber  here  are  lower  than 
the  beams*  derived  fibere.  Th*  exception  to  tbit  is  the  2.5  micron 
pristine  fiber.  Tb*  decrease  ia  resistivity  with  diameter  it 
described  empirically  on  ao  exponential  form,  sxp  (0/0J  for  the 
smaller  dismatar  fiber*.  For  the  larger  diameters,  a  1/0 
dependtava  was  abown  for  tha  bentim*  darivod  fibere.  Result* 
reported  bare  oo  tba  bromine  intercalated  fibers  do  not  show  a  I/O 
dcptmdmtc*.  but  retime  show  almow.ao  dependence  in  tha  10  to  50 
mkreo  reng*. 
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CONCLUSIONS. 

A  lUimni  r  dipendwt  room  temperature  elaetricel 
ratiMivity  hie  ba  obtained  an  pristine  an d  bramiastod  VCCF. 
Diameters  naiad  for  apptosimaieiy  2  to  55  mieioni.  Thera  wa* 
so  significant  wdadvity  dependence  oo  diameter  for  the  10  to  $0 
micron  diamatar  samples.  Howcvw,  tha  fiber*  in  the  2  micron 
diameter  nuig*  showed  a  factor  of  6  increaae  in  ruirtivity 
compared  to  the  larger  fiber*.  In  both  acta  ofbromioatad  aamplea, 
the  resistivities  decreased  compared  to  the  priatina  aamplea,  with 
tha  2  micron  diameter  cample  ahowing  almost  an  order  of 
flmgnitude  decrees*.  These  niadu  indicate  that  while  a  depletion 
layer  may  eaiat  for  VCCF  which  compete*  with  tha  retention  of 
intercalani  within  mail  diameter  VCCF,  that  decrsaaaa  in 
•lectrieal  reds? ivity  cea  atil!  be  obtained  through  interrelation. 
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Figure  2  Room  temperature  resistivity  of  pristine  and  b ruminated 
VGCF. 


Figure!  A  histogram  lowing  the  dmribution  of  fiber  diameter*. 


Number  of  Samples 


Figure  3  Remits  of  the  reeistiviiy  owarurtmeoU  on  •  number  of 
(mtllcr  (2.7  pm)  fiber*. 


Diameter  (p,m) 


Figure  4  The  rendu  of  diameter  depeodent  reaiativily  for  ell  the 
eemplee  ranging  from  2  to  5$  pm.  both  prietine  end  bcomineud. 
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The  low-frcquency  excess  electrical. noise  has  been  measured  on  carbon  fibers  with  a  wide 
range  of  crystalline  perfection  and  corresponding  electrical  and  mechanical  properties.  Fibers 
include  those  prepared  from  ex-PAN  and  ex-pitch  polymers,  and  a  catalytic-chemical  vapor 
deposited  filament.  The  extensiona!  (Young’s)  moduli  of  these  fibers  varied  from  about  220  to 
890  GPa  (35-130  Msi),  while  the  electncal  resistivities  varied  from  about  19  to  1  ptCl  m.  The 
low-frequency  electrical  noise  of  each  fiber  was  found  to  be  proportional  to  l2  and  to  vary  as 
1//“ ,  where /is  the  frequency  and  a  is  about  1.15.  The  most  striking  feature  of  the  results  was 
the  strong  dependence  of  the  normalized  noise  power  on  the  degree  of  crystalline  perfection. 


I.  INTRODUCTION 

Carbon  fibers  are  inhomogeneous  materials  in  which 
the  basic  building  blocks  can  be  thought  of  as  ribbons.  Each 
ribbon  consists  of  a  stack  of  graphene  planes  (planes  of  hex¬ 
agonal  carbon  with  vacancies  and  vacancy  clusters),  and  the 
stacking  can  be  random  (turbostratic  ordering)  or  regular 
(graphitic).  The  ribbons  are  roughly  aligned  along  the  fiber 
axis,  and  the  mean  misorientation  angle  is  an  important  pa¬ 
rameter  which  controls  the  extensiona!  (Young’s)  modulus. 
The  arrangement  of  the  ribbons  across  the  section  of  the 
fiber  depends  critically  on  the  type  of  fiber  and  such  param¬ 
eters  as  the  processing  conditions.  For  instance,  ex-PAN  fi¬ 
bers  usually  have  a  random  arrangement,  ex-pitch  fibers  a 
radial,  and  catalytic-chemical-vapor-deposited  (CCVD) 
filaments  a  tree-ring  one.1 

This  disorder  ensures  that  scattering  of  electrons  is 
mainly  by  defects,  except  in  the  most  perfect  fibers.  The  de¬ 
gree  of  perfection  can  be  partially  controlled  by  the  maxi¬ 
mum  temperature  of  heat  treatment  to  which  the  fibers  are 
subjected.  However,  graphitization  and  other  measures  of 
lattice  perfection  indicate  that  lattice  defects  can  be  removed 
more  easily  in  the  order  ex-PAN,  ex-pitch,  CCVD  fibers.  An 
extensive  account  of  the  preparation,  structure,  and  proper¬ 
ties  of  carbon  fibers  can  be  found  in  Dresselhaus  et  al.' 

This  paper  examines  the  use  of  conductivity  fluctu¬ 
ations  (often  referred  to  as  1//  noise)  as  a  probe  of  the  sam¬ 
ple  perfection.  The  earlier  work  of  Conner  and  Owston"5 
had  established  that  1// noise  was  present  in  the  fibers.  The 
present  paper  examines  the  fluctuations  for  a  wide  range  of 
fibers,  and  shows  that  the  normalized  noise  power  levels  are 
a  strong  function  of  sample  perfection. 

II.  EXPERIMENTAL  TECHNIQUES 

Fibers  were  chosen  with  a  wide  range  of  properties,  as  is 
summarized  in  Table  I.  Ex-Pan  fibers  had  moduli  ranging 
from  220  to  480  GPa  (35-70  Msi)  for  the  commercial  Ce- 
lion  3000  and  GY-70  types,  while  a  heat-treated  experimen¬ 


tal  one,  GY-70  -f ,  had  a  modulus  of  690  GPa  ( 100  Msi). 
The  ex-pitch  fibers  obtained  from  AMOCO  are  designated 
P-100  (a  commercial  fiber),  P-130X  (an  experimental  fi¬ 
ber),  and  they  had  high  moduli  varying  from  690  to  890  GPa 
( 100-130  Msi).  Tests  were  also  made  on  a  pitch  fiber  with 
an  original  modulus  of  170  GPa  (25  Msi),  which  had  been 
annealed  to  2800  * C .  Its  resistivity  (Table  I)  was  consistent 
with  a  modulus  of  about  550  GPa  ( 80  Msi) .  One  P-100  fiber 


TABLE  I.  Fiber  properties. 


Fiber  type 

Diameter 

(pm) 

Young's 

modulus 

IGPa(Msi)) 

Electncal 

resistivity 

(/rttm) 

CELION-3000* 

7.0 

220 

(35  Msi) 

19.0 

GY-70* 

7.0 

480 

(70  Msi) 

5.0 

GY-70  +  * 
(annealed 

3200 'C) 

70 

690 

(100  Msi) 

37 

P.25" 

(annealed 

2800  "Cl 

95 

~550d 
(80  Msi) 

42 

P-IOO” 

90 

690 

(100  Msi) 

2  88 

p-nox" 

9.1 

890 

(130  Msi) 

1  09 

P-I00B' 

86 

690d 

(lOOMsi) 

2.40 

CCVD 

30  2 

0.95 

*  Ex-PAN. 

"Ex-pitch. 

'  Ex-pitch,  boronated. 

J  Estimated.  not  measured. 
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which  had  been  boronated  (P-100B)  was  tested,  since  its 
density  of  carriers  was  increased  by  this  process,  as  shown  by 
Dillon  et  al.*  Finally,  one  CCVD  filament  which  had  been 
annealed  at  2800  *C  was  tested.  It  is  emphasized  that  these 
fibers  have  a  much  wider  range  of  properties  than  those  nor¬ 
mally  obtained  commercially. 

The  electrical  resistivity  and  electrical  noise  measure¬ 
ments  were  made  using  a  standard  four-probe  setup,  with 
two  current  leads  and  two  voltage  leads.  The  samples  were 
mounted  on  specially  designed  printed  circuit  boards,  with 
contacts  between  the  samples  and  copper  strips  on  the  board 
being  made  with  silver  paint.  The  separation  of  the  voltage 
contacts  ranged  between  2  and  5  mm,  and  all  contacts  were 
found  to  be  ohmic.  A  constant  current  through  the  sample 
was  maintained  using  batteries  and  a  series  load  resistor.  The 
noise  voltage  across  the  voltage  contacts,  after  blocking  the 
dc  voltage  with  capacitors,  was  amplified  by  a  home-built 
preamplifier  (voltage  gain  950),  then  by  an  Ithaco  model 
1201  amplifier  (typical  gain  1000). Theoutput  of  the  Ithaco 
amplifier  was  then  sent  to  a  —  72  dB/oct  low-pass  active 
filter  to  remove  the  high-frequency  portions  of  the  noise 
spectrum.  The  amplified  and  filtered  noise  voltage  V(  t)  was 
measured  at  rates  ranging  from  300  Hz  to  1 2  kHz  using  a  1 2- 
bit  analog-to-digital  converter  interfaced  to  a  Digital  Equip¬ 
ment  Corporation  LSI-11  computer.  These  data  were  then 
digitally  Fourier  transformed  to  obtain  the  noise  voltage 
spectrum  V(f),  from  which  the  noise  power  spectrum 

S„  (/)  =  <r2(/)>/A/ 

could  be  calculated.  A  more  detailed  discussion  of  the  ex¬ 
perimental  techniques  can  be  found  in  the  paper  by  Fager- 
quist,  Kirby,  and  Pearlstem.5  Typically  100  noise  power 
scans  were  averaged  to  obtain  the  resultant  noise  power 
spectrum.  The  noise  power  spectrum  obtained  with  zero  cur¬ 
rent  was  subtracted  from  these  spectra  in  order  to  eliminate 
contributions  from  the  associated  electronics. 

Most  spectra  were  taken  using  a  300-Hz  sampling  rate, 
with  a  80-Hz  low  pass  filter  to  prevent  aliasing.  Typical  noise 
power  spectra  for  two  different  currents  in  a  Celion  3000 
fiber  are  shown  m  Fig.  1.  The  l//-like  rise  at  low  frequencies 
is  apparent  in  both  spectra,  and  the  rapid  failoff above  80  Hz 


FIG.  1 .  Log,,,  of  (he  noise  power  as  a  function  of  frequency  for  two  different 
currents  in  CELION  3000 


is  due  to  the  low  pass  filter.  The  useful  frequency  range  in 
these  spectra  is  between  0.6  and  50  Hz,  and  over  this  range 
the  magnitudes  of  the  power  spectra  for  each  fiber  were 
found  to  vary  as  / 2  in  each  case.  Typical  results  for  the  de¬ 
pendence  of  S,.  on  1 2  are  shown  in  Fig.  2  for  fiber  GY-70  + 
at  a  frequency  of  10  Hz. 

Figures  3  and  4  show  the  low-frequency  behavior  of  the 
noise  power  spectrum  for  fiber  samples  GY-70  and  P-100B, 
respectively.  The  mechanical  and  electrical  properties  of 
these  fibers  differ  considerably,  as  indicated  in  Table  I.  The 
points  in  Figs.  3  and  4  are  the  measured  noise  powers,  while 
the  solid  lines  are  least-squares  fits.  The  slopes  (  —  a)  of  the 
fitted  curves  fall  between  —  1.11  and  —  1.24,  verifying  that 
these  samples  indeed  show  1// noise.  It  should  be  noted  that 
the  P-100B  sample  required  considerably  more  current  to 
generate  substantial  noise  than  did  the  GY-70  sample. 

111.  DISCUSSION 

Table  II  summarizes  the  results  of  the  noise  power  mea¬ 
surements  on  the  fiber  samples.  Column  2  of  this  table  gives 
the  values  of  a  for  each  fiber  sample.  Note  that  the  a  is  near 
1 . 1 5  for  all  samples,  with  the  estimated  experimental  uncer¬ 
tainty  in  a  being  ±0.1.  These  values  of  a  are  similar  to  those 
obtained  in  carbon  resistors  by  Fleetwood,  Postel,  and  Gior¬ 
dano.6  Column  3  gives  SR ,  the  noise  power  at  1  Hz  multi¬ 
plied  by  the  sample  volume  and  divided  by  the  current 
squared.  Use  of  the  phenomenological  equation  of  Hooge,7 

W)=r(^/iV/“), 

where  y  is  a  constant  and  A  is  the  number  of  charge  carriers 
in  the  sample,  together  with  Ohm’s  law,  shows  that  this  col¬ 
umn  is  proportional  to  the  resistance  squared  divided  by  the 
earner  concentration.  Note  that  SR  decreases  by  about  six 
orders  of  magnitude  on  going  from  the  highly  defective  fi¬ 
bers  to  the  most  perfect  fibers.  While  SR  is  most  sensitive  to 
fiber  perfection,  columns  4  and  5  of  Table  II  provide  more 
fundamental  information  of  the  source  of  noise.  The  quanti¬ 
ty  Ss  in  column  4  is  the  noise  power  times  the  sample  vol¬ 
ume  divided  by  the  dc  voltage  squared,  and  is  proportional 
to  the  inverse  of  the  earner  concentration.  Column  5  shows 


FIG.  2.  Noise  power  vs  / :  for  fiber  GY-70  +  .  The  points  are  the  measured 
noise  powers,  and  the  solid  line  is  a  least-squares  fit  straight  line  constrained 
to  pass  through  the  origin. 
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FIG  3  Log|0  of  the  noise  power  vs  log,o  of  the  frequency  for  fiber  GY-70 
The  points  are  the  measured  noise  powers,  and  the  solid  lines  are  least- 
squares  fits  to  the  data.  The  values  of  a  obtained  from  these  fits  range  from 
I  15  to  1.24. 


SL-,  which  is  defined  as  5V  divided  by  the  resistance.  Since 
the  resistance  is  inversely  proportional  to  the  product  of  car¬ 
rier  concentration  and  mobility,  Sy  is  proportional  to  the 
mobility.  The  variations  of  SN  in  column  4  tend  to  be  greater 
than  those  of  suggesting  that  the  dependence  on  earner 
concentration  is  more  important  than  that  of  mobility  in 
comparing  the  noise  of  various  fibers. 


FIG.  4  Logm  of  the  noise  power  vs  log,0  of  the  frequency  for  fiber  P-  100B 
The  points  are  the  measured  noise  powers,  and  the  solid  lines  are  least- 
squares  fits  to  the  data.  The  values  of  a  obtained  from  these  fits  range  from 
1.11  to  1.17. 


TABLE  II.  Noise  power  results. 


Fiber 

type 

a 

(I  Ha) 
(10,,1V2  mV 
Hz  A2) 

S„  (l  Hz) 
(!012  mV 
Hz) 

Sv  GHz) 
(10'°  AmV 
Hz  V) 

CELION-3000 

1  13 

18.3 

14.0 

1.2 

GY-70 

1.18 

1.62 

0.33 

0.47 

GY-70  + 

1.21 

5  1X10-2 

0.12 

0.58 

P-25 

1.14 

1.9X10-2 

0.051 

0.26 

P-100 

1.19 

9.9x10-’ 

0.069 

0.56 

P-I30X 

1.2 

3.0X10*1 

0.091 

1.7 

P-100B 

1.15 

5.5X10'2 

0.030 

0.22 

CCVD 

1.2 

3  6X10-'’ 

0.021 

5.1 

The  origin  of  1  // noise  in  thin  metal  films  and  semicon¬ 
ductors  has  often  been  assumed  to  be  due  to  a  distribution  of 
carrier  activation  energies.8  Dutta,  Dimon,  and  Horn9  used 
temperature  dependence  measurements  of  1// noise  in  thin 
Ag  films  to  determine  the  distribution  of  activation  energies, 
finding  that  the  distnbution  was  peaked  near  1  eV,  with  a 
width  of  0.4  eV.  Fleetwood  era/.,6  in  their  measurements  on 
carbon  resistors,  also  found  general  agreement  with  the 
Dutta-Hom  model.8  Thus,  one  may  speculate  the  1// noise 
in  carbon  fibers  may  also  be  appropriately  described  by  a 
Dutta-Hom-type  model  which  incorporates  a  distribution 
of  activation  energies.  We  intend  to  test  this  idea  by  carrying 
out  measurements  of  the  temperature  dependence  of  the 
noise  power  in  a  wide  range  of  carbon  fibers.  Such  measure¬ 
ments  may  result  in  a  more  detailed  understanding  of  the 
carrier-defect  interaction  in  carbon  fibers,  and  it  may  in  fact 
be  possible  to  distinguish  the  types  and  number  of  defects  in 
fibers  prepared  by  different  methods.  Further  work  is  also 
planned  in  which  electrical  noise  is  studied  as  a  function  of 
tensile  stress,  at  stresses  near  the  tensile  limit.  Such  measure¬ 
ments  will  presumably  give  valuable  information  about  the 
fracture  mechanisms,  which  are  not  well  understood  at  the 
present  time.  In  particular,  it  is  not  understood  completely 
why  the  tensile  strength  does  not  increase  with  extensional 
modulus,  as  predicted  by  simple  models  (see  for  example, 
the  work  by  Kelly10),  while  certain  whiskers  have  both  high 
moduli  and  strengths. 1 1  It  is  possible  that  the  noise  measure¬ 
ments  will  probe  the  fracture  processes  in  unique  ways. 
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1.  INTRODUCTION 

The  low-frequency,  excess  electrical  noise  (often  referred  to  as  ”l/f’  noise, 
where  f  is  the  frequency)  has  been  measured  on  a  wide  range  of  carbon  fibers 
and  found  to  be  a  probe  of  sample  perfection.  The  fibers  include  ex-PAN  , 
ex-pitch,  a  boronated  pitch  fiber,  and  a  catalytic-chemical- vapor-deposited 
(CCVD)  filament  which  had  been  annealed  at  2800  C.  The  sample  perfection 
can  be  partially  controlled  by  the  maximum  temperature  of  heat  treatment  to 
which  the  fibers  are  subjected.  However,  graphitization  and  other  measures 
of  lattice  perfection  indicate  that  lattice  defects  can  be  removed  most  easily  in 
CCVD  fibers,  followed  in  order  by  ex-pitch  and  ex-PAN  fibers. 

2.  EXPERIMENTAL  TECHNIQUES 

The  fiber  properties  are  given  in  Table  1.  These  properties  span  a  much 
wider  range  than  those  normally  obtained  commercially.  The  electrical 
resistivity  and  electrical  noise  measurements  were  made  using  a  standard 
four-probe  configuration.  A  constant  current  was  maintained  through  the 
outer  contacts  using  batteries  and  a  series  load  resistor.  The  noise  voltage  was 
filtered,  amplified,  and  converted  to  digital  form.  These  data  were  then 
digitally  Fourier  transformed  to  obtain  the  noise  voltage  spectrum  V(f),  from 
which  the  noise  power  spectrum,  Sy(f)  =  V2(f)  /  Af,  was  calculated.  More 
experimental  details  can  be  found  in  the  paper  by  Fagerquist  et  al  (1).  The 
useful-  frequency  range  in  most  spectra  was  between  0.6  and  50  Hz. 

3.  RESULTS 

The  magnitudes  of  the  power  spectra  for  each  fiber  were  found  to  vary  as 
and  as  l/fa .  Table  1 1  summarizes  the  results  of  the  noise  power 
measurements.  Column  2  of  this  table  gives  the  values  of  a  for  each  fiber 
sample.  Note  that  a  is  near  1.15  for  all  samples,  with  the  estimated 
experimental  uncertainty  in  a  being  +.0.1.  Column  3  give  Sr,  the  noise 
power  at  1  Hz  multiplied  by  the  sample  volume  and  divided  by  the  current 
squared.  Use  of  the  phenomenological  equation  of  Hooge  ( 2), 

Sv(f)  =  y(V2/Nfa),  (1) 


All 


where  y  is  a  constant'  and  N  is  the  number  of  charge  carriers  in  the  sample, 
together  with  Ohm’s  law,  shows  that  this  column  is  proportional  to  the 
resistance  squared  divided  by  the  carrier  concentration.  While  SR  is  most 
sensitive  to  fiber  perfection,  columns  4  and  5  provide  more  fundamental 
information  on  the  source  of  noise.  The  quantity  Sn  in  column  4  is  the  noise 
power  times  the  sample  volume  divided  by  the  dc  voltage  squared,  and  is 
proportional  to  the  inverse  of  the  carrier  concentration.  Column  5  shows 
Su>  which  is  defined  as  Sn  divided  by  the  resistance,  and  is  proportional  to 
mobility.  The  variations  of  SN  is  column  4  tend  to  be  greater  than  those  of 
SU,  suggesting  that  the  dependence  on  carrier  concentration  is  more 
important  than  that  of  mobility  in  comparing  the  noise  of  various  fibers. 

We  intend  to  test  whether  the  1/f  noise  is  due  to  a  distribution  of  carrier 
activation  energies  by  measuring  the  temperature  dependence  of  the  noise 
power  in  the  fibers.  We  wish  to  acknowledge  partial  funding  by  an  AEOSR 
grant  to  Colorado  State  University  (Grant  No.  S49620-88-C-0017) 
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TABLE  I.  Fiber  properties. 


Ycur-i’s 

Electrical 

Diameter 

modcius 

resistivity 

Fiber  type 

(pm) 

[GPa  Msi)] 

(pH  m) 

CEL10N-3000* 

7.0 

(35  Mas) 

19.0 

GY-70* 

7.0 

5.0 

(70  Ms  i) 

GY-70  +  • 

7.0 

£*: 

(annealed 

(ICC  Msi) 

TABLE  II.  Noise  power  results. 

3203  -C) 

9.5 

S*  (1  Hi) 

Sy  (  1  Hz) 

S„  (1  Hz) 

P-25* 

-  y.:* 

<•2 

Fiber 

<10"VJ  mV 

(10”  m’/ 

()0'°  A  mV 

( annealed 

2800 ‘C) 

(SC- Mas) 

type 

a 

Hz  A1) 

Hz) 

Hz  V) 

P-100* 

CELION-3000 

1.13 

18.3 

M.O 

1.2 

9.0 

6K 

2.88 

(ICC  Msi) 

GY-70 

1.18 

1.62 

0.33 

0.47 

P-130X* 

9.1 

SK 

1.09 

GY-70  + 

1.21 

5.1X10"’ 

0.12 

0.5S 

P-IOOB' 

8.6 

CISC  Msi) 

P-25 

I.U 

I.9XI0-’ 

0.051 

0.26 

69C* 

2.40 

( ICC  Ms;) 

P-100 

1.19 

9.9  x  10”’ 

0.069 

0.56 

CCVD 

30.2 

0.95 

P-I30X 

1.2 

3.0x10-’ 

0.091 

1.7 

*  Ex-PaN. 

*  Ex-piteh. 

P-IOOB 

1.13 

5.5XIO-’ 

0.0)0 

0.22 

*  Ex-piteh,  boror.ated. 

CCVD 

1.2 

J.6XI0-* 

0.021 

5.) 

*  Estimated,  not  measured. 
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The  physical  properties  of  carbon-boron  nitride  (C-BN)  prepared  from  mixtures  of  BC1„ 

NH„  and  selected  hydrocarbons  by  codeposition  methods  have  been  investigated  using  x-ray 
diffraction,  electron  diffraction,  transmission  electron  spectroscopy,  x-ray  photoelectron 
spectroscopy,  Raman  scattering,  optical  reflectivity,  thermal  conductivity,  thermopower,  and 
electrical  resistivity.  Taken  collectively,  the  results  of  these  experiments  indicate  that  the 
compression-annealed  C-BN  materials  studied  here  consist  of  separated  domains  of  pyrolytic 
boronated  graphite  and  pyrolytic  boron  nitride,  while  as-deposited  samples  rrv.  nossibly  be  a 
single -phase  mixture  of  C,  B,  and  N.  As-deposited  materials  containing  more  20%  c:. —on 
were  found  to  be  more  highly  oriented  than  unannealed  pyrolyr;.-  graphite,  ana  ne 
crystallinity  of  these  materials  was  greatly  enhanced  by  uniaxial  compression  annealing. 

Results  of  the  thermal  conducvitv,  thermopower.  and  electrical  resistivity  measurements  are 
consistent  with  a  network  of  -  -  'stratic  graphite  BN  domains  with  some  conduction  paths  for 
charge  carrier  transport  between  the  domains.  Increasing  the  carbon  concentration  from  20% 
to  60%  leads  to  an  increased  linkage  between  the  conducting  domains  and  a  percolation 
conducting  network  is  established. 


I.  INTRODUCTION 

The  preparation  of  ceramic  composites  by  chemical  va¬ 
por  deposition  (CVD)  is  a  topic  of  increasing  interest  in 
materials  science  since  it  provides  a  way  to  prepare  new  ma¬ 
terials  or  to  improve  the  properties  of  existing  materials.1 
For  example,  because  of  structural  similarity  of  hexcsonal 
boron  nitride  and  graphite,  it  was  thought  possible  to  pro¬ 
duce  a  range  of  C-BN  compounds  by  codepositing  pyrolytic 
BN  and  pyrolytic  graphite.  The  preparation  of  C-BN  depos¬ 
its  from  mixtures  of  BC1,,  NH,,  and  C,H:  at  1700  *C  has 
already  been  reported."3  Electrical  resisuvity  and  infrared 
( IR )  data  indicated  that  these  deposits  were  two-phase  mix¬ 
tures  of  BN  domains  and  carbon  domains.  Badzian  et  al* 
prepared  C-BN  materials  by  codeposition  of  BC1S,  CC14,  N;, 
and  H;  at  1900  *C.  The  x-ray  diffraction  measurements  were 
interpreted  to  indicate  that  the  samples  were  solid  solutions 
with  composition  (BN),C,  _u.  The  authors  thus  assumed 
that  their  C-BN  material  was  a  substitutional  alloy  at  the 
atomic  level,  resulting  from  the  substitution  of  B  and  N 
atoms  for  a  pair  of  carbon  atoms  in  the  graphite  hexagonal 
lattice.  These  authors  further  reported  that  their  compounds 
decomposed  to  boron  carbide  (B4C)  and  graphite  when 
heated  to  2200  *C  or  higher.  Kouvetakis  et  al?  prepared  C- 
BN  materials  with  graphitelike  structures  by  reacting  BC13, 
NH„  and  C,H:  at  400-700  ’C.  They  reported  that  the  mate¬ 
rial  had  a  composition  ( BN  )0  35  C0  30  and  was  a  semiconduc¬ 


tor  at  room  temperature  which  could  be  both  oxidatively 
ana  reductively  intercalated.  These  authors  also  reported0 
on  me  preparation  ot  a  graphitelike  compound  of  composi¬ 
tion  AC,  by  reacting  benzene  with  BC1,  at  800  *C.  A  similar 
compound  of  composition  C,N  was  obtained0  by  reacting 
pyridine  and  chlonne  in  a  silica  tube  at  800  *C.  Besmann 
used  CVD  to  prepare  C-BN  materials  from  mixtures  of 
BClj,  NH„  and  CH4  at  1000-1500  *C.  Based  on  x-ray  dif¬ 
fraction  and  Auger  electron  spectroscopy,  he  concluded  that 
these  mixtures  formed  an  extensive  solid  solution,  but  the 
compositions  obtained,  e.g.,  C042BN029  and  Ct02BN032, 
were  far  from  the  C-BN  tie  line  in  the  phase  diagram. 

In  contrast  to  the  studies  of  Refs.  2-7.  the  development 
of  an  electrically  insulating  compound  called  "boron  car- 
bomtnde”  has  been  reported.8,9  This  material  is  produced8 
by  hot-pressing  mixtures  of  BN  and  B4C  and  then  sintering 
the  mixtures  in  atmospheres  containing  N:,  C02,  H,0,  and 
0:. 

The  possibility  of  preparing  C-BN  materials  over  a 
range  of  compositions  with  a  corresponding  range  of  proper¬ 
ties  offers  some  unique  opportunities  for  materials  science 
research.  The  varied  accounts  of  the  structure  of  such  com¬ 
pounds  found  m  the  literature3*9  and  the  importance  of  these 
materials  for  materials  processing  provided  additional  moti¬ 
vation  for  this  work.  The  present  study  was  undertaken  to 
leam  more  about  the  structure  and  properties  of  C-BN  made 
by  codeposition  of  C  and  BN  and  to  determine  whether  the 
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TABLE  II.  Properties  of  some  of  the  as-deposited  and  compression -annealed  C-BN  samples. 


Simple 

number 

As-deposited 

Compression -annealed 

Hot  press 

temp. 

CC) 

(nominal) 

Thickness  ( mm ) 

Mosaic  / 
spread 
(deg)  * 

p* 

(/iftm) 

r=300K 

Mosaic 

spread 

(deg) 

P* 

( /iftm) 

T-  300K 

Initial 

Final 

% 

decrease 

8615 

24 

8-46 

2100 

0.56 

0.56 

0 

17 

8615 

2500 

0.56 

0.54 

3.0 

2.7 

9 

8617 

70-72 

>10* 

2600 

0.81 

0.66 

19 

4 

>10* 

8618 

35-41 

250 

8619 

21 

9-10 

2500 

0.72 

0  70 

30 

3 

2 

8619 

2600 

0.56 

0.46 

18 

2.6— 3.5 

8619 

2700 

0.51 

0.41 

20 

3 

8621 

33-48 

150-1800 

8622 

25-33 

8-22 

8623 

13-51 

30 

2600 

0.97 

0.76 

27 

6 

8623 

2700 

0.64 

0.51 

20 

3 

8632 

42-46 

4-6 

2600 

1.19 

1.07 

11 

6 

5 

8632 

2700 

1.40 

1.27 

9 

4 

8701 

26-34 

3-5 

8702 

29-32 

5-7 

ysis  was  performed  on  some  of  the  samples  and  the  relative 
concentrations  of  C,  B,  and  N  were  fours  to  vary  widely 
with  respect  to  the  sample  position  1  r.  the  deposition 
chamber;  however,  the  elemental  abundances  were  found  to 
be  uniform  throughout  the  individual  samples.  The  analysis 
further  shows  that  the  high-carbon  deposits  were  richer  in 
boron  than  in  nitrogen.  In  Table  II  values  of  the  sample 
thicknesses,  mosaic  spreads  of  the  crystallites,  and  room- 
temperature  resistivities  of  the  samples  are  displayed  along 
with  the  sample  identification  numbers  and  carbon  content. 
The  room-temperature  resistivity  ( p.lc )  of  the  as-deposited 
samples  is  found  to  decrease  with  increasing  carbon  content 


FIG.  2.  Mosaic  spread  for  codeposited  C-BN  samples  as  a  funcuon  of  car¬ 
bon  content.  The  mosaic  spread  is  represented  by  the  full  widthat  half  maxi¬ 
mum  intensity  of  the  (002)  x-ray  reflection. 
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from  p  >  10®  ptl  m  for  —3 %  C  to  p— 4  p[l  m  for  samples 
containing  75%  C.  Tins  reflects  the  evolution  in  the  electri¬ 
cal  properties  of  the  system  as  the  increasing  carbon  content 
changes  the  physical  characteristics  from  BN-like  with  resis¬ 
tivities  typical  of  wide  gap  insulators  to  more  conductive, 
semimetallic  graphitic  materials. 12 

The  effects  of  uniaxial  hot  pressing  on  some  of  the  co¬ 
deposited  C-BN  samples  are  also  examined  in  Table  II.  Ini¬ 
tial  pressings  were  done  at  2100-2300  *C  to  minimize  possi¬ 
ble  reaction  between  BN  and  carbon  which  might  lead  to 
phase  changes.  Since  pressing  at  these  temperatures  had  no 
effect  on  sample  appearance  or  thickness,  the  pressing  tem¬ 
perature  was  increased  :o  2500-2700  *C.  Pressing  under 
these  conditions  was  found  to  cause  a  10%-20%  sample 
shrinkage  in  the  pressing  direction  and  samples  with  mirror¬ 
like  surfaces  similar  to  that  of  highly  oriented  pyrolytic 
graphite  (HOPG)  were  obtained.  However,  the  samples 
were  not  as  readily  cleaved  as  HOPG.  indicating  that  C-BN 
possesses  stronger  interlayer  bonds  or  smaller  crystallite  di¬ 
mensions  than  HOPG.  A  stronger  interlayer  bonding  is  con¬ 
sistent  with  the  formation  of  interlayer  bonds  with  partly 
ionic  character  in  BN. 

B.  X-ray  diffraction  measurements 

The  results  of  the  x-ray  diffraction  study  of  the  struc¬ 
tural  properties  of  the  C-BN  materials  are  shown  in  Figs.  2- 
6.  From  an  analysis  of  the  (00/)  lattice  reflections,  the  inter- 
planar  separation  (c,/2)  of  the  as-deposited  samples  was 
deduced  to  be  3.40  ±  0.02  A  and  independent  of  carbon  con¬ 
tent.  This  value  is  typical  of  turbostratic  graphite  or  turbos- 
tratic  BN.  Compression  annealing  the  sample  reduced  c^/1 
to  values  of  3.355-3.360  A,  which  are  typical  of  HOPG  or 
boronated  graphite13  which  exhibit  three-dimensional  ( 3D) 
ordering. 

The  preferential  orientation  of  the  crystallites  or  the  mo¬ 
saic  spreads  of  the  crystallites  of  the  as-deposited  samples  is 
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FIG.  6.  In-plane  lattice  parameter  (a„)  ofthePBN  ( 1 )  and  PG  (2)  phases 
of  (he  compression-annealed  C-BN  materials  vs  carbon  content.  Also 
shown  is  a  plot  of  a„  vs  %  C  for  the  as-deposited  C-BN  samples.  The  values 
of  a„  for  pristine  HOPBN.  HOPG,  and  PG  are  noted. 


The  effects  of  compression  annealing  on  the  crystallin¬ 
ity  of  a  45%  C  sample  are  illustrated  by  the  ( 1 10)  lattice 
reflections  shown  in  Figs.  5(a)  and  5(b).  In  Fig.  5(a),,  a 
broad  line  centered  near  77*  is  observed,  with  a  shoulder  on 
the  low-angle  side  of  the  line  just  visible.  A  deconvolution  of 
this  line  into  two  separate  lines  does  not  yield  the  PBN  and 
PG  diffraction  angles  shown  in  Fig.  5(b),  but  instead  yields 
lattice  spacmgs  different  from  those  of  PBN  and  PG.  Where¬ 
as  these  data  for  the  compression-annealed  samples  are  con¬ 
sistent  with  a  two-phase  mixture  of  PBN  and  PG.  we  con¬ 
clude  that  the  as-deposited  samples  may  be  predominately  a 
single-phase  mixture  of  C,  B,  and  N  on  an  atomic  scale. 

The  a0  values  of  the  BN  and  graphite  phases  as  calculat¬ 
ed  from  the  ( 100)  and  ( 1 10)  diffraction  lines  of  the  as-de¬ 
posited  and  compression-annealed  samples  are  plotted  ver¬ 
sus  carbon  content  in  Fig.  6.  The  PBN  and  PG  phases  of  the 
compression-annealed  samples  are  represented  by  the  cir¬ 
cles.  For  the  compression-annealed  samples,  a„  is  constant 
and  independent  of  carbon  content  for  the  PBN  phase,  while 
values  of  a0  for  the  PG  phase  decrease  slightly  with  increas¬ 
ing  carbon  concentration.  Extrapolation  of  a0  of  the  PG 
phase  to  100%  C  leads  to  the  reported  value  of  the  in-plane 
lattice  constant  of  boronated  graphite,  slightly  greater  than 
that  of  HOPG. 1 3  This  result  is  consistent  with  the  chemical 
analyses  in  which  the  concentration  of  boron  was  found  to  be 
higher  than  the  nitrogen  concentration.  In  boronated  graph¬ 
ite,  small  amounts  of  boron  are  substituted  for  C  atoms  and 
occupy  regular  in-plane  lattice  sites  as  opposed  to  intercala¬ 
tion  compounds  in  which  the  dopant  resides  between  the  C 
layers.  The  data  for  the  as-deposited  samples  show  that  the 
a0  value  decreases  linearly  with  increasing  carbon  content 
from  the  PBN  value  of  2.505  A  to  the  boronated  PG  value  of 
2.466  A.  This  linear  behavior  is  again  consistent  with  the 
identification  of  the  as-deposited  samples  as  a  single-phase, 
homogeneous  mixture  of  C,  B.  and  N. 
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The  x-ray  diffraction  data  failed  to  detect  any  phases 
other  than  PBN  and  boronated  PG  in  the  C-BN  samples 
which  were  compression  annealed  at  2500-2700  *C,  al¬ 
though  some  structural  inhomogeneity  was  observed  in 
some  samples.  This  is  a  surprising  result,  because  separate 
pieces  of  PBN  and  PG  are  known  to  react  and  form  boron 
carbide  at  these  temperatures.19  Perhaps  the  codeposited 
materials  arc  changing  their  composiuons  slowiy  with  tem¬ 
perature  with  a  characteristic  time  greater  than  that  of  the 
experiment.  To  learn  more  about  the  effects  of  high-tem¬ 
perature  processing  on  structure  and  composition,  selected 
samples  of  C-BN  are  being  annealed  and  hot  pressed  at  tem¬ 
peratures  up  to  3000  *C. 

C.  Raman  scattering  and  optical  reflectivity 
measurements 

In  Figs.  7(a)  and  7(b)  we  show  the  backscattered  Ra¬ 
man  spectra  of  as-deposited  (a)  and  compression-annealed 
( b )  60%  C  samples.  The  spectrum  of  the  as-deposited  mate¬ 
rial  in  Fig.  7(a)  is  characteristic  of  disordered  graphite  in 
that  ( 1 )  the  high-frequency  1 580-cm  " 1  E,t,  line  is  broad  and 
asymmetric,  and  (2)  there  is  a  broad  Gaussian-type  line 
shape  near  1 360  cm'1.  In  disordered  graphite,  the  1360- 
cm-1  feature  arises  from  crystalline  disorder  which  sup¬ 
presses  the  qsO  Raman  selection  rules  and  allows  phonons 
throughout  the  Brillouin  zone  to  become  Raman  active.1' 
The  degree  of  disorder,  or  equivalently  the  in-plane  crystal¬ 
lite  dimension  (L„ ),  can  be  quantitatively  evaluated  by  ex¬ 
amining  the  ratio  of  the  integrated  intensities  of  the  Raman- 
allowed  to  disorder-induced  peaks.1 8-20  However, 
hexagonal  BN  (hBN),  which  shares  the  same  crystalline 
structure  with  graphite,  has  a  Raman-allowed  Eu .  phonon- 1 
near  1360  cm  - '.  It  is  therefore  difficult  to  separate  the  Ra¬ 
man-allowed  BN  mode  from  the  graphitic  disorder-induced 


Ramon  shift  (cm-1) 


FIG.  7.  Raman  spectrum  for  in  (a)  as-depositedC-BN  60%  C  sample  (No 
8613)  and  ( b )  compression-annealed  sample  with  the  same  carbon  content. 
For  spectrum  ( b),  L,  ~  500  A. 
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FIG.  9.  Sclected-«re»  electron  diffraction  ptttcms  for  (i)  an  as-detxjsited 
( No.  8621:  22%  C)  sample,  and  ( b)  a  compression-annealed  ( at  2500  *C 
and  75  MPa)  C-BN  (No.  8615;  60%  C)  sample. 


the  temperature  range  10  <  T<  300  K.  Depending  on  the 
composition  of  the  samples  selected  for  the  measurements  in 
Fig.  10,  the  room-temperature  resistivities  varied  by  a  factor 
of  200.  Samples  containing  50%-60%  carbon  had  resistivi¬ 
ties  in  the  range  5  <p  <  9/xft  m,  and  the  resistivity  of  a  given 
sample  was  constant  over  the  entire  temperature  range  from 
10  <  T<  300  K.  This  behavior,  which  is  the  same  as  that  of 
boronated  PG,'2-2*  is  thus  consistent  with  the  interpretations 
of  the  electron  energy  loss  and  a0  measurements  showing 
that  the  graphite  phase  in  the  compression-annealed  C-BN 
samples  is  saturated  with  boron.  A  24%  C  as-deposited  sam¬ 
ple  exhibited  a  sharp  increase  in  resistivity  with  decreasing 
temperature.  The  shape  of  the  resistivity  versus  temperature 
curve  cannot  be  explained  by  electron  hopping  or  by  assum¬ 
ing  that  the  sample  is  a  semiconductor.  Hall  measurements 
are  being  made  in  an  effort  to  better  understand  the  elec- 
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FIG.  10.TemperaluredependenceofthereistivuypforvanoiB«s-depojit- 
cd  and  compression-annealed  C-BN  samples.  A  comparison  is  made  with 
the  temperature-dependent  resistivities  of  a  vanetv  of  other  carbons  and 
graphites,  (a)  Carbon  nlm  (see  Ref.  12).  (2)  Glassv carbon  (see  Ref.  12). 
(5)  lampblack-base  carbon  iseeRef.  12),  (4)  petroleum  coke  carbon  (see 
Ret.  12).  (5)  pyrolytic  carbon  as-depostted  at  2100  "C  (sec  Ref.  12).  (6) 
grapmte whisker  (see  Ref.  12).  (7)  HOPG  (see Ref.  12),  (8)  single-crystal 
graphite  (see  Ref.  13).  (9)  pyroivttc  carbon  -  1%  boron  (see  Ref.  28). 
■  10)  3000 ‘C heat-treatcj  PG  -  o boron  isetRef.28).(ll)No.  862IM 
•:i%C)  !l2)No.8t>:.-r(59°!  I.  ( 13  No  862IB(5I%C).  (14)  No. 

22  (75%  C).  ( 15)  No  at>15  (od%C)  compression  annealed  at  2500  *C. 
.a)  No.  8632  (60%  C)  compression-annealed  at  2bOO'C 


trontc  properties  and  the  results  will  be  presented  elsewhere. 
Compression  annealing  a  60%  C  sample  at  2500  ’C  was 
found  to  reduce  the  room-temperature  value  of p  by  about  a 
factor  5,  yielding  a  value  of  2/xft  m.  comparable  to  that  for 
graphitizable  carbons  with  rHT  s2400*C  (see  Fig.  10). 

A  stoichiometric,  substitutional  alloy  C,(BN), 
would  be  expected  to  have  a  band  gap  varying  from  ~0.04 
eV  for  graphite  to  ~5  eV  for  BN.' 2  in  an  approximately 
linear  fashion  with  x.  However,  several  factors  can  modify 
the  electrical  resistivity  from  that  characteristic  of  an  intrin¬ 
sic  semiconductor — principally,  lack  of  stoichiometry,  the 
presence  of  impurities,  lattice  disorder,  and  inhomogene¬ 
ities.  The  resistivity  results  of  the  compression-annealed 
samples  are  consistent  with  a  model  in  which  PG  and  PBN 
phases  coexist.  In  particular,  curves  14-16  in  Fig.  10  suggest 
that  conduction  occurs  in  a  boron-saturated  phase  of  turbos- 
tratic  or  graphitic  carbon.  The  independence  of  the  resistiv¬ 
ity  on  temperature  arises  because  the  Fermi  level  is  de¬ 
pressed  well  below  the  region  of  band  overlap,  so  that  the 
earner  density  is  independent  of  temperature,  while  the  car¬ 
rier  mobility  is  also  temperature  independent  as  a  result  of 
scattenng  from  gram  boundaries,  impurities,  and  defects. 
The  as-deposited  samples  (curves  11-13)  with  higher  resis¬ 
tivities  and  an  increasing  amount  of  temperature-dependent 
resistivity  are  more  difficult  to  analyze  quantitatively. 

Measurements  of  the  room-temperature,  basal  plane  re¬ 
sistivity  of  several  C-BN  samples  are  shown  in  Fig.  1 1  as  a 
function  of  carbon  content.  The p  values  of  the  as-deposited 
samples  form  a  smoothly  varying  curve  which  extrapolates 
to  HOPBN  in  the  limit  of  0%  C  and  to  PG  in  the  100%  C 
limit.  Whereas  the  p  values  of  the  compression-annealed 
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FIG.  U.  Temperature  dependence  of  the  thermal  conductivity  «r(  T)  for 
several  C-BN  samples  including  ( I )  an  as-deposited  60%  C  sample.  1 2 )  a 
compression-annealed  60%  C.  and  (3)  a  compression-anneaied  24%  C 
sample. 

deduced,  with  Lt  for  the  compression-annealed  24%  C  sam¬ 
ple  being  larger  than  that  of  the  compression-annealed 
60%C  sample  by  about  a  factor  of  2.5.  If  L6  is  dominated  by 
boundary  scattering,  these  results  would  suggest  a  growth  in 
domain  size  with  increasing  heat  treatment  temperature 
Th  t  .  In  contrast  to  the  results  of  k(  T)  for  the  C-BN  samples, 
the  temperature  dependence  of  k(  T)  for  graphite  and  BN 
follows  a  power  law  ( Tp)  at  low  temperature  where p  ~  2.4- 
2.5.  This  suggests  that  the  C-BN  samples  are  more  turbos- 
tratic  :.-.an  the  most  crystalline  HOPG  and  HOPBN  materi¬ 
als. 

Collectively,  these  data  are  consistent  with  a  network  of 
turbostratic  graphite  and  turbostratic  BN  regions  with  some 
electrical  conduction  paths  r  'ween  the  domains.  From  the 
thermopower  measurements  -ve  conclude  that  a  concentra¬ 
tion  of  less  than  24%  C  appears  to  be  too  small  to  link  the 
majority  of  the  conducting  domains.  Increasing  the  carbon 
content  leads  to  an  increased  linkage  between  the  conduct¬ 
ing  domains  and  a  percolative  conducting  network  is  well 
established  by  the  time  a  60%  carbon  content  is  reached. 
The  sample  size  dependence  and  the  large  variability  of  the 
resistivity  from  sample  to  sample  suggests  that  large  sample 
inhomogeneities  persist  for  carbon  concentrations  as  high  at 
60%  C.  The  results  indicate  an  inhomogeneous  sample  on  a 
macroscopic  scale,  with  domains  in  excess  of  —  0. 1  pm.  Heat 
treatment  appears  to  increase  the  domain  size,  but  not  the 
sample  homogeneity. 

IV.  SUMMARY  AND  CONCLUSIONS 

We  have  shown  from  a  series  of  independent  measure¬ 
ments  that  the  compression-annealed  C-BN  samples  exam¬ 
ined  in  this  study  are  two-phase  materials  compnsed  of  pure 
PBN  domains  and  boronated  PG  domains  instead  of  homo¬ 
geneous  substitutional  compounds  on  an  atomic  scale  as  pre- 
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viously  reported.4  Evidence  was  also  given  which  indicates 
that  the  as-deposited  samples  may  be  a  single-phase  mixture 
of  C,  B,  and  N.  In  addition,  evidence  from  x-ray  diffraction, 
chemical  analysis,  electron  energy  loss  spectroscopy,  and 
electrical  resistivity  is  presented  which  suggests  that  the  PG 
phase  of  the  C-BN  samples  is  boronated.  The  crystalline  ori¬ 
entation  of  as-deposited  samples  containing  more  than  24% 
C  exceeded  that  of  PG,  and  compression  annealing  im¬ 
proved  the  c-axis  alignment  to  nearly  that  of  HOPBN.  Struc¬ 
tural  and  optical  analysis  of  the  C-BN  composites  also  re¬ 
vealed  that  compression  annealing  the  as-deposited 
composites  yielded  materials  with  intralayer  and  miemlanar 
coherence  lengths  La  andZ.r  comparable  with  those :  jund  in 
HOPBN.  The  electrical  and  thermal  transport  data  of  the 
compression-annealed  samples  were  indicative  of  a  percolat¬ 
ing  conductive  network  of  PG  or  boronated  PG  with  islands 
of  insulating  PBN  interspersed.  Transport  measurements 
performed  on  samples  of  various  carbon  content  interpreted 
in  this  manner  suggested  a  percolation  threshold  to  be  estab¬ 
lished  for  a  carbon  content  between  24%  and  60%. 

The  failure  to  detect  any  phases  other  than  boron  nitride 
ano  boronated  graphite  in  the  C-BN  samples  which  were 
compression-annealed  at  2500-2700  *C  is  a  surprising  result, 
because  separate  pieces  of  PBN  and  PG  react  to  form  boron 
carc.ae  at  these  temperatures.13  The  codeposited  materials 
appear  to  be  slowly  changing  their  composition  with  tem¬ 
perature  and  time.  Selected  samples  of  C-BN  are  now  being 
annealed  and  hot  pressed  at  temperatures  up  to  3000  *C  to 
learn  more  about  this  process. 
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The  role  of  sputter  redeposition  in  the  growth  of  cones  and  filaments 
on  carbon  surfaces  during  ion  bombardment* 
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Cones  topped  by  filaments  with  submicron  diameters  grow  on  carbon  surfaces  when  they  are 
bombarded  with  energetic  (e.g.,  1  keV)  argon  ions.  It  is  shown  that  sputter  redeposition  is  an 
important  process  by  which  cone  growth  occurs.  The  possible  role  of  hydrogen  in  poisoning 
growth  sites  and  increasing  the  density  of  cones  at  higher  temperature  is  discussed.  Several 
experiments  are  proposed  to  clarify  growth  mechanisms. 


I.  INTRODUCTION 

It  has  been  observed'  1  that  cones  topped  with  filaments  of 
submicron  diameters  and  high  aspect  ratios  grow  on  graphi¬ 
tic  carbon  surfaces  when  bombarded  by  argon  tons  with  en- 
ergiesof  —  1  keV. The  height  ofthe  growth  features  is  several 
times  larger  than  average  erosions  depths,  so  that  the  process 
is  certainly  one  of  growth  rather  than  preferential  erosion  as 
in  metals.  For  the  remainder  of  this  paper  such  features  will 
be  referred  to  as  cones/filaments  ( CFs). 

The  effect  of  bombardment  is  initiu!!v  to  smooth  carbon 
surfaces.1  A  rapid  period  of  growth  for  doses  up  to 

-  1 .8  X  lO'1’  ions/cm :  is  followed  by  a  slower  one.  The  CF 
surface  density  remains  approximately  constant  in  time, 
since  second  generation  CFs  start  growing  as  first  generation 
ones  are  being  destroyed.  A  decrease  in  CF  surface  density 
and  an  increase  in  volume  per  CF  occurs  as  beam  energy 
increases,  resulting  in  a  liner  increase  of  volume  of  CFs/umt 
surfacearea  with  increasing  beam  energy.  More  recently,  the 
temperature  dependence  of  the  surface  density  of  CFs  has 
been  shown  to  increase  from  zero  at  —  30  ”C  to  a  plateau  at 

-  300  "C.4  This  increase  in  surface  density  is  opposite  to  that 
observed  for  the  density  of  erosion  features  on  metal  sur¬ 
faces.  resulting  from  a  diffusion-controlled  phenomenon  '  It 
was  also  observed4  that  growth  features  were  more  conically 
shaped  t  t.e..  the  base  dimensions  were  enhanced )  at  higher 
temperature  (e.g..  300 °C)  than  at  room  temperature,  where 
filament  growth  was  more  marked. 

A  model  to  account  for  growth  of  these  CFs  has  been 
proposed  by  Van  Vechten  ct  a!..'  based  on  concepts  devel¬ 
oped  for  the  growth  of  AIGaAs  layers."  The  carbon  supply 
to  growth  sites  in  this  model  is  mobile  surface  atoms  pro¬ 
duced  by  the  bombardment.  A  defect  such  as  a  screw  dislo¬ 
cation  is  postulated  as  the  nucleation  center  of  the  growth 
features,  and  it  was  proposed  that  such  dislocations  continue 
to  the  tips  of  the  filaments.  This  model  accounts  for  the  ob¬ 
servation  that  a  small  concentration  of  metallic  impurities 
on  the  substrate  inhibits  growth,  since  the  density  of  nuclea¬ 
tion  sites  becomes  too  high.  However,  the  model  also  pre¬ 
dicts  that  the  ton  current  density  must  exceed  a  critical  value 
for  growth  to  occur,  and  this  has  yet  to  be  observed  experi¬ 
mentally.  Also,  the  continued  growth  of  filaments  is  difficult 
to  envisage  with  this  model,  since  the  distance  th  ough 
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which  a  surface  atom  must  diffuse  before  arriving  at  the  fila¬ 
ment  tip  would  be  too  long.  For  this  reason  the  possibility 
that  sputter-redepositioi;  is  an  important  process  in  growth 
was  examined. 

II.  THE  ROLE  OF  SPUTTER  REDEPOSITION  IN 
GROWTH 

A  calculation  was  made  for  the  arrival  rate  of  atoms  at  a 
CF  growth  feature.  The  calculation  was  simplified  by  assum¬ 
ing  that  a  single  conical  structure  was  standing  on  a  flat 
carbon  surface  of  radius  R.  A  cosine  0  distribution  was  as¬ 
sumed  for  the  sputtered  atoms,  where  6  is  the  angle  made  by 
the  sputtered  atom  with  the  normal  to  the  surface  (Fig.  1 ). 
The  rate  of  arrival  of  atoms  /  at  a  conical  feature  distance  r 
from  the  nucleation  center  is  then 

/-4*4>f  f  (r+ IF/2) 

Jo  Jo 

X  cos  0  arcsin  [  W(  2r/sin  0)  +  W)dr  d0. 

where  $  is  the  sputtered  flux  and  W  is  the  diameter  of  the 
base.  This  expression  was  integrated  numerically.  The  pa¬ 
rameter  R  could  be  varied  to  account  at  least  approximately 
for  the  obscuration  effect  of  other  cones,  assuming  that  it 
took  a  value  approximately  equal  to  the  mean  distance 
between  cones  The  sputter  rate  of  carbon  was  taken  to  be  40 


I  k,  I  \  sketch  of  ,i  til.imcm/ioitc  structure  showing  nouiton  used  in  the 
text 
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A/min  for  a  beam  energy  of  500  eV  and  beam  current  den¬ 
sity  of  I  mA/cmV Thus.  -  5x  10' 7  carbon  atoms/cm :  are 
sputtered  offin  a  time  interval  of  15  mm  at  a  current  density 
of 0.785  mA/cm  (typical  experimental  conditions1  * ).  For 
this  time  interval.  -~8\  I0"'atoms/cnr  aredeposited  in  the 
growth  features,  or  -  I59F  of  the  sputtered  flux. 

The  present  calculations  used  published  results'  for  the 
CF  dimensions  at  room  temperature  and  fixed  times.  The 
number  of  carbon  atoms  arriving  from  sputter  redeposition 
was  then  compared  to  the  number  needed  to  produce  a  cone 
of  these  dimensions.  The  results  of  the  calculation  are  pre¬ 
sented  in  Table  I.  u  here  two  possible  densities  are  assumed 
for  the  carbon  in  the  cones — 2.2  and  1 .7  g/cm '.  These  values 
correspond  to  graphite  and  disoidered  carbon.'  It  can  be 
seen  from  the  table  that  sputter  redeposition  can  account  for 
the  growth.  The  overestimation  can  be  accounted  for  by  ei¬ 
ther  (a)  shadowing  effects  of  other  structures,  (b)  the  as¬ 
sumption  that  sputtering  is  from  flat  surfaces,  whereas  a 
high  fraction  of  those  arriving  at  the  cones  may  have  origin¬ 
ated  from  surfaces  at  considerable  angles  from  the  plane,  and 
i  c )  the  erosion  of  atoms  on  growth  features  by  the  impinging 
ion  beam  It  is  interesting  that  the  overestimation  is  less  se- 
\  ere  for  the  initial  growth  period  (  <  4  mm ).  where  a  spurt  in 
growth  rates  was  observed.'  This  is  consistent  with  another 
mechanism  (surface  diffusion)  being  partly  responsible  for 
growth.  It  is  noted  that  sputter  redeposition  cannot  be  re¬ 
sponsible  for  initial  growth,  since  a  growth  feature  already 
has  to  be  present  for  the  sputtered  atoms  to  stick  to. 

It  i.,  possible  that  the  shape  difference  observed*  for  CFs 
grown  at  different  temperatures  is  a  direct  result  of  the  CF 
surface  density  difference.  When  the  CF  density  is  high 
(higher  temperature1)  the  fraction  of  scattered  carbon 
atoms  arriving  at  a  CF  from  the  sides  of  neighboring  ones 
would  be  increased.  Such  ions  would  consist  partly  of  those 
reflected  from  the  nearly  perpendicular  walls  of  neighboring 
cones,  which  would  be  directed  more  to  the  base  regions. 
Also,  some  carbon  atoms  would  be  scattered  off  a  cone  onto 
us  base.  Thus,  the  arrival  rate  at  the  base  would  be  enhanced 
by  both  processes,  resulting  in  a  conical  structure  with  en¬ 
larged  base. 
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An  experiment  to  establish  more  positively  the  role  of 
sputter-redeposition,  and  to  separate  it  from  the  nucleation 
process  is  to  nucleate  features  at  room  temperature  or  high¬ 
er.  then  cool  the  sample  below  —  30  *C,  where  filaments 
have  not  been  observed  to  grow  before.  If  the  latter  stage  of 
growth  is  controlled  by  sputter  redeposition,  then  the  CFs 
should  continue  to  grow.  If  growth  can  be  sustained  satisfac¬ 
torily  in  this  way,  then  the  shape  effect  can  also  be  studied  by 
nucleating  at  different  temperatures  to  obtain  varying  sur¬ 
face  densities.  Thus,  the  role  of  surface  density  and  tempera¬ 
ture  on  shape  can  be  separated  in  this  way. 

III.  INHIBITION  OF  GROWTH  AT  LOW 
TEMPERATURE 

Growth  does  not  occur  below - 30  °C  and  the  density 

of  CFs  increases  with  temperai  ure.  as  noted  above.*  This  can 
be  explained  on  the  basis  of  a  temperature-dependent  reduc¬ 
tion  in  the  density  of  nucleation  sites.  A  possible  contami¬ 
nant  is  hydrogen,  which  is  present  as  H.O  in  chambers 
pumped  to  10  '  or  10  "  Torr  used  in  the  experiments.1  * 
Also,  hydrogen  is  present  in  the  surface  of  graphite  sam¬ 
ples.'’  It  is  possible  that  hydrogen  (or  another  contami¬ 
nant)  could  poison  nucleation  sites.  At  higher  temperature 
the  fraction  of  poisoned  sites  could  decrease  from  either  a 
thermally  activated  or  ion-assisted  process.  It  is  known,  for 
example,  that  H-C  reactions  are  enhanced  by  ion  bombard¬ 
ment  (for  a  review,  see  Ref.  9).  The  optimum  temperature 
for  this  enhancement  is  —800-900  K.  It  is  possible  that  by 
the  600  K  the  fraction  of  poisoned  sites  has  fallen  sufficiently 
that  a  plateau  is  reached  in  the  density  of  cones/filaments,  as 
observed.4  Experiments  to  test  this  could  be: 

( 1 )  To  ion-bombarded  graphite  in  an  ultrahigh  vacuum 
chamber  in  which  H  and  C-H  complexes  can  be  detected  as 
bombardment  proceeds  at  different  temperatures  This  ex¬ 
periment  would  have  to  be  carried  out  with  great  care  1 ' 

(2)  To  repeat  the  above,  but  preheat  the  graphite  to  2300 
K  to  drive  off  hydrogen  in  the  samples  before  bombardment 
begins." 

(3)  To  study  CF  growth  under  conditions  in  which  hy¬ 
drogen  or  other  gaseous  contaminants  are  introduced  into 
the  vacuum  chamber  with  controlled  partial  pressures. 

(4)  The  nucleation  centers  for  growth  have  not  yet  been 
identified  experimentally.  It  is  known  that  only  certain  types 
of  carbon  can  be  used,  but  the  density  of  CFs  is  independent 
of  the  type  of  graphite  used.  It  would  be  interesting  to  use 
single  crystals  with  known  surface  densities  of  screw  disloca¬ 
tions  to  ascertain  whether  they  correspond  to  maximum 
densities  of  CFs  grown  on  them 

IV.  FILAMENT  GROWTH 

The  above  models  do  not  account  for  filament  growth  on 
the  tips  of  the  cones.  One  possibility  is  that  growth  is  asso¬ 
ciated  with  the  presence  of  high  electric  fields  near  the  tips  of 
sharp  features.  However,  it  is  observed’  that  CFs  grow  into 
the  ion  beam  direction  rather  than  the  field,  which  is  always 
perpendicular  to  the  surface.  It  is  possible  that  growth  oc¬ 
curs  along  the  beam  direction  because  sputter  loss  from  the 
CF  is  minimized  in  this  way.  It  would  be  useful  to  study  the 
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erosion/growth  processes  that  occur  when  CFs  grown  with 
ions  arriving  perpendicular  to  the  surface  are  then  exposed 
to  an  ion  beam  at  an  angle  to  the  perpendicular.  Attempts  are 
also  being  made':  to  model  the  growth  process  using  com¬ 
puter  models,  it  is  hoped  that  this  will  lead  to  a  better  under¬ 
standing  of  the  growth  processes,  and  suggest  further  experi¬ 
ments. 
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GRAPHITIC  NATURE  OF  CHEMICAL  VAPOR- 
DEPOSITED  CARBON  FILAMENTS  GROWN  ON 
SILICON  SURFACES  FROM  ACETYLENE 
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Abstract — Debye-ocherer  and  diffractometer  X-ray  studies  have  been  earned  out  on  carbon  filaments 
grown  on  carbon  and  silicon  surfaces  from  the  catalytic  chemical  vapor  deposition  of  acetylene  on  Ni 
and  Fe  catalysts.  From  these  data  it  is  concluded  that  filaments  grown  on  carbon  substrates  with 
diameters  less  than  -0.3  pm  are  essentially  amorphous,  or  highly  disordered,  whereas  those  grown  on 
Si  substrates  have  a  partially  graph.tic,  turbostratic  structure.  Diffraction  lines  obtained  from  the  cooled 
catalyst  particle  at  the  tip  of  the  filaments  grown  on  carbon  surfaces  could  not  be  indexed  on  the  basis 
of  known  Ni-C  compounds. 

Key  Words — Carbon  filaments,  acetylene,  catalyst,  iron,  nickel. 


1.  INTRODUCTION 

There  are  many  studies  of  the  growth  characteristics 
and  physical  properties  of  carbon  filaments  grown 
by  catalytic  chemical  vapor  deposition  (CCVD)  (see 
for  example  Refs.  1-6  and  citations  therein).  Tesner 
etal.[l]  showed  that  filaments  of  small  diameter  (£0.1 
p.m)  could  be  grown  from  acetylene  in  the  temper¬ 
ature  range  ~450  to  700°C  on  nichrome  wires.  A 
more  recent  study  of  Tibbets[8]  has  demonstrated 
that  filaments  with  diameters  as  small  as  5  nm  may 
be  grown  from  natural  gas.  Filaments  of  diameters 
£0.1  pm  and  high  aspect  ratio  are  of  interest  for 
obscuration  applications{9],  and  the  present  study 
was  initiated  to  ascertain  if  these  carbon  filaments 
could  be  used  for  this  purpose. 

Carbon  filaments  prepared  using  different  gaseous 
precursors  and  different  catalysts  can  assume  differ¬ 
ent  forms,  such  as  straight,  twisted,  or  helical  tu¬ 
bules.  etc.  [6]  Baird  etal.  [10]  found  that  the  graphitic 
nature  of  filaments  prepared  from  different  hydro¬ 
carbons  could  vary  appreciably.  These  authors  cat¬ 
egorized  filaments  into  graphitic  and  nongraphitic 
forms.  Filaments  prepared  from  benzene  are  highly 
graphiticfll],  particularly  when  grown  to  diameters 
greater  than  1  pm. 

Tibbets[8]  assumed  that  the  structure  of  all  fila¬ 
ments  was  hexagonal  carbon  with  tree-ring  mor¬ 
phology.  Indirect  evidence  for  this  came  from  the 
observation  that  most  filaments  appear  to  be  hollow. 
He  developed  a  model  to  account  for  this  based  on 
an  extra  strain-energy  term  in  the  free  energy.  He 
was  able  to  develop  a  relationship  between  the  ratio 
of  outer  to  inner  diameter  as  a  function  of  outer 
diameter  that  fitted  the  experiment  reasonably  well 
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for  filaments  prepared  from  natural  gas.  However. 
Baker  ef  al.  [12]  showed  that  the  filaments  prepared 
from  acetylene  consisted  of  a  core  that  oxidized  more 
easily  than  the  sheath.  This  core  region  was  pre¬ 
sumed  to  be  less  crystalline  than  the  sheath,  and 
could  possibly  be  amorphous.  The  sheath  was  char¬ 
acterized  as  a  system  of  hexagonal  networks  with  a 
scroll-like  (or  tree-ring)  structure.  In  the  particular 
case  of  filaments  grown  from  acetylene  on  carbon 
substrates,  bright-field  images  were  obtained(13] 
showing  the  formation  of  carbon  hexagon  layers 
around  the  catalyst  particle. 

Baker  et  al.  [3]  also  earned  out  a  study  of  CCVD 
growth  of  carbon  filaments  on  Si  surfaces  from  acet¬ 
ylene  using  Co,  Fe,  and  Cr  catalyst.  No  references 
to  Ni-catalyzed  growth  on  Si  have  been  found.  Major 
differences  were  observed  for  filamentous  growth  on 
Si  from  the  three  different  catalysts.  The  abnormal 
growth  sequences  could  not  be  explained  com¬ 
pletely.  but  it  was  conjectured  that  Si  was  to  some 
extent  incorporated  into  the  catalyst  particle  and 
promoted  the  precipitation  of  graphite  (see  Ref.  14). 

No  structural  determinations  for  C.H:-Ni  fila¬ 
ments  grown  on  Si  have  been  reported.  Accordingly, 
an  X-ray  diffraction  study  of  carbon  filaments  was 
carried  out  to  ascertain  the  structure  of  submicron 
diameter  filaments  and  is  the  subject  of  this  article. 

2.  EXPERIMENTAL  DETAILS 

Carbon  filaments  were  grown  from  acetylene  hy¬ 
drogen  mixtures  (-  10;  1  ratio)  at  1  atm  total  gas 
pressure  and  850°C  on  both  carbon  and  silicon  sub¬ 
strates.  A  thin  layer  (-0.01  pm)  of  Ni  catalyst  was 
evaporated  onto  the  surface  forming  small  diameter 
spherules  when  heated  in  an  Ar/H2  atmosphere  to 
850°C  This  process  of  nucleation  of  catalyst  particles 
typically  took  -15  min  after  an  initial  furnace 
warmup  time  of  -30  min.  After  the  nucleation 
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time,  C2H2  was  introduced  for  approximately  30  min, 
allowing  filaments  to  grow  to  diameters  £0.1  pm. 
Then  the  hydrocarbon  flow  was  arrested  and  the  fur¬ 
nace  allowed  to  cool  with  an  Ar  purge. 

In  the  case  of  carbon  substrates,  it  was  found  that 
the  length  of  the  seed  nucleation  time  determined 
the  size  of  the  seeds.  A  15-min  period  at  850°C  with 
the  thickness  of  the  film  set  at  0.01  pm  resulted  in 
seed  particles  of  diameter  -0.02  pm,  with  filaments 
initially  of  diameter  —0.03  pm.  Some  thickening 
clearly  occurred  after  this  initial  growth  stage. 

It  was  found  that  the  nucleation  time  could  be 
critical  in  determining  whether  or  not  filaments  grew 
on  silicon  surfaces  at  all.  Longer  times  (e.g. ,  30  min) 
produced  no  growth,  whereas  shorter  times  (5-15 
min)  were  satisfactory.  It  was  found  that  NijSi  and 
NiSi2  was  forming  on  the  surface,  thereby  depleting 
the  supply  of  Ni  catalyst  panicles.  This  was  tested 
by  examining  the  catalyst  particles  with  Debye- 
Scherer  X-ray  techniques. 

It  was  possible  to  examine  the  carbon  filaments 
on  Si  substrates  using  a  diffractometer  method.  In 
the  case  of  carbon  substrates,  it  was  necessary  to 
remove  the  filaments  to  avoid  contamination  of  the 
diffraction  lines  by  the  substrate  carbon.  A  Debye- 
Scherer  camera  was  used  in  this  case,  with  CuKa 
radiation  in  both  instances.  Both  methods  were  cal¬ 
ibrated  by  first  obtaining  diffraction  data  from  car¬ 
bon  fibers  (Celanese  GY-70)  in  similar  mass  quan¬ 
tities  to  those  estimated  for  the  submicron  filaments 
used  in  the  present  measurements. 

3.  EXPERIMENTAL  RESULTS 

3.1  Filaments  grown  on  carbon  substrates 

A  difffactogram  was  taken  of  a  collection  of  fil¬ 
aments  with  mean  diameter  -0.08  pm.  No  hexag¬ 
onal  carbon  lines  were  observed,  but  sharp  lines  were 
obtained  (see  Table  1)  that  could  be  indexed  on  the 
basis  of  an  hexagonal  cell  with  a  =  6.17  ±  0.002  A 
and  c  =  16.84  ±  0.01  A.  Based  on  the  indexing  in 
Table  1  and  the  systematic  extinctions,  the  space 
group  was  consistent  with  C6.  The  lines  probably 
originate  from  a  carbon-nickel  compound  or  alloy, 
possibly  remaining  on  the  surface  of  the  substrate. 
However,  an  examination  of  the  phase  diagram(15) 
shows  that  no  known  phases  can  be  found  with  this 
structure.  It  is  possible  that  a  new  metastable  phase 


Table  1.  X-ray  data  from  C-Ni  compound 


d(A) 

Sin:  0 

Experiment  Calculated 

hkl 

I/Jo 

3.035 

0.0644 

0.0644 

111 

100 

2.479 

0.0965 

0.0958 

114 

20 

2.253 

0.1168 

0.1166 

204 

40 

2.089 

0.1360 

0.1354 

205 

10 

1.968 

0.1635 

0.1642 

123 

20 

1.871 

0.1965 

0.1965 

009 

20 

a  - 

6.171  A.  ale  = 

0.366.  c  =  16.84  A. 

has  been  discovered,  which  has  a  lower  free  energy 
than  the  stable  phases  under  the  conditions  of  small 
particle  size  encountered  in  this  work. 

Since  the  diffraction  intensity  from  compounds  re¬ 
lated  to  the  Ni  catalyst  increase  in  importance  as  the 
filament  mass  decreases,  another  diffractogram  was 
obtained  for  filaments  with  -0.3  pm  diameter.  In 
this  case  also,  no  diffraction  lines  were  observed 
from  the  carbon.  Several  attempts  to  obtain  diffrac¬ 
tion  lines  were  unsuccessful.  It  was  concluded  that 
the  filaments  were  not  hexagonal  carbon,  but  highly 
disordered  (possibly  amorphous). 

It  is  stressed  that  this  result  is  not  at  variance  with 
the  observation  of  graphite  filaments  grown  from  the 
decomposition  of  benzene[ll],  since  the  filaments 
in  this  case  were  of  larger  diameter  and  grown  at 
~1200°C  from  a  different  precursor. 

3.2  Filaments  on  Si  substrate 

Filaments  grown  in  this  case  were  observed  in  the 
SEM  to  be  erratic  in  growth  direction,  with  diam¬ 
eters  between  -0.05  and  0. 1  pm.  The  diffractometer 
trace  indicated  the  presence  of  hexagonal  carbon 
with  d  =  3.40  ±  0.002  A,  which  is  similar  to  that 
observed  for  GY-70  fiber.  Using  the  formula  of  Maire 
and  Mering[16]  relating  to  d  spacing  to  the  degree 
oi  graphitization  (g) 

d  =  3.354  +  0.086  (1  -  g), 

g  is  found  to  be  0.46  ±  0.02.  This  is  characteristic 
of  a  PVC  coke  heat  treated  to  ~2000°C[17). 

Thus,  the  results  suggest  that  silicon  substrates 
yield  carbon  filaments  with  graphitic  structure  at 
much  lower  reaction  temperature  than  those  grown 
on  carbon  substrates.  The  reason  for  this  has  not 
been  established,  but  it  is  possible  that  a  nickei/sili- 
con  eutectic  is  formed  (Ref.  14),  which  is  either  in 
a  liquid  state  or  close  enough  to  liquid  that  diffusion 
rates  are  enhanced.  The  eutectic  at  —50%  Ni  (T  = 
964  and  966°C)  are  possibilities.  The  use  of  eutectics 
with  low  melting  temperature  could  be  exploited  in 
commercial  applications.  No  trace  of  silicon  could 
be  found  where  the  filaments  were  examined  using 
EDAX,  but  this  examination  did  not  include  the 
catalyst  particle,  since  no  filament  ends  could  be 
found. 

4.  CONCLUSIONS 

X-ray  diffraction  data  have  been  obtained  on  car¬ 
bon  filaments  grown  by  a  catalytic  chemical  vapor 
deposition  technique.  The  structure  of  filaments  of 
diameter  -0.1  pm  grown  on  Si  were  consistent  with 
hexagonal  carbon  with  a  degree  of  graphitization 
-0.46.  However,  no  diffraction  lines  could  be  ob¬ 
tained  from  filaments  of  diameters  —0.08  and  0.3 
pm  grown  on  carbon  substrates.  It  is  concluded  that 
these  filaments  are  highly  disordered,  and  possibly 
amorphous.  The  growth  of  partially  graphitic  fila¬ 
ments  on  silicon  surfaces  at  low  reaction  tempera- 
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tures  is  noteworthy  and  may  be  of  technological  sig¬ 
nificance.  Further  work  has  shown  that  the  growth 
of  these  filaments  occurs  over  a  fairly  narrow  range 
of  growth  temperatures,  and  will  be  reported  in  de¬ 
tail  at  a  later  time. 

Acknowledgment— This  research  was  supported  by  a  grant 
from  AFOSR  (#F49620-84-K-0006).  GY-70  fibers  were 
kindly  supplied  by  Dr.  Harris  Goldberg  of  Celanese  Re¬ 
search  Co.  Help  with  X-ray  equipment  is  gratefully  ac¬ 
knowledged  from  Professors  D.  Winder  and  J.  Mahan. 


REFERENCES 

1.  T.  Koyama,  Carbon  10.  757  (1972). 

2.  R.  T.  K.  Baker,  M.  A.  Barker.  P.  S.  Hams.  F.  S. 
Feates  and  R.  J.  Waite,  J.  Catalysis  26,  51  (1972). 

3.  R.  T.  K.  Baker.  P.  S.  Hams,  R.  B.  Thomas  and  R.  J. 
Waite,  J.  Catalysis  30,  86  (1973). 

4.  M.  Endo.  T.  Koyama  and  Y.  Hihsiyama,  Japan.  J. 
Appl.  Phys.  11,  2073  (1976). 

5.  G.  G.  Tibbets,  Appl.  Phys.  Lett.  42.  666  (1983). 

6.  A  review  up  to  1978  has  been  given  by  R.  T.  K.  Baker 
and  P.  S.  Harris,  Chem.  Phys.  Carbon  14,  83  (1978). 


293 

7.  P.  A.  Tesner,  E.  Y.  Robinovitch,  I.  S.  Rafalkes  and 
E.  F.  Arefieva,  Carbon  8,  435  (1970). 

8.  G.  G.  Tibbets.  J.  Cryst.  Growth  66,  632  (1984). 

9.  Much  of  the  earlier  work  is  classified,  but  accounts  can 
be  obtained  in  Proc.  1985  CRDC  Conf.  on  Obscuration 
and  Aerosol  Research,  R.  H.  Kohl,  Assoc.  (1985),  par¬ 
ticularly  the  paper  by  N.  E.  Pederson,  P.  C.  Waterman 
and  J.  C.  Pederson,  p.  551,  or  Absorption  and  Scat¬ 
tering  of  Light  by  Small  Particles  by  C.  F.  Bohren  and 
D.  R.  Huffman,  Wiley,  New  York,  (1983). 

10.  T.  Baird,  J.  R.  Fryer  and  B.  Grant,  Carbon  12,  591 
(1971).  (See  also  Nature  233,  329  (1971).) 

11.  M.  Endo,  A.  Oberlin  and  T.  Koyama,  Japan  J.  Appl. 
Phys.  IS,  1519  (1977). 

12.  R.  T.  K.  Baker,  M.  A.  Barber,  P.  S.  Harris.  F.  S. 
Feates  and  R.  J.  Waite,  J.  Catalysis  26,  51  (1972). 

13.  M.  Raghavan,  Proc.  37th  Annual  Electron  Microscopy 
Society  of  America,  p.  484  (1979)  (ed.  G.  W.  Bailey). 

14.  C.  Baraniecki,  P.  Pinchbeck  and  F.  B.  Pickering,  Car¬ 
bon  7,  213  (1969). 

15.  M.  Hansen  and  K.  Anderko,  Constitution  of  Binary 
Alloys,  McGraw-Hill,  New  York  (1958). 

16.  J.  Maire  and  J.  Mering,  Proc.  4th  Biennutl  American 
Carbon  Conf,  345  (1960). 

17.  For  a  review,  see  J.  M.  Hutcheon,  Ch.  1,  p.  1  in  Mod¬ 
em  Aspects  of  Graphite  Technology,  ed.  L.  C.  F.  Black¬ 
man,  Academic  Press,  London  and  New  York  (1970). 


A23 


PHYSICAL  REVIEW  B 


VOLUME  40,  NUMBER  2 


15  JULY  1989-1 


X-ray  diffraction  data  for  graphite  to  20  GPa 
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X-ray  diffraction  data  have  been  obtained  on  polycrystalline  graphite  at  pressures  up  to  20  GPa. 
A  phase  transition  is  observed  at  - 1 1  GPa,  as  evidenced  by  softening  in  the  interlayer  spacing  and 
the  observation  of  new  diffraction  lines.  Below  this  pressure  the  variation  of  the  lattice  parameters 
a  and  c  are  compared  with  elastic  stiffnesses  obtained  from  ultrasonic  measurements.  A  new  value 
for  C |3  is  proposed.  The  variation  ciP)  is  compared  to  the  recently  proposed  universal  isotherm 
equation. 


INTRODUCTION 

Graphite  is  of  considerable  experimental  and  theoreti¬ 
cal  interest  since  it  is  the  most  highly  anisotropic  element 
and  is  a  semimetal.  This  interest  extends  to  the  high- 
pressure  properties  of  graphite  and  of  its  intercalation 
compounds  (see  Ref.  1  for  a  recent  review).  In  spite  of 
this,  there  is  some  uncertainty  in  the  compressibilities, 
which  are  fundamental  to  any  comparison  of  experiment 
and  theory  (see  Ref.  2  for  a  review). 

The  crystal  structure  of  graphite  is  one  in  which  the 
carbon  atoms  lie  in  honeycomb  sheets,  with  extremely 
strong  covalent  bonds  between  the  atoms  in  each  sheet. 
The  interlayer  bonds  are  relatively  weak,  and  an 
ABAB  . .  .  stacking  sequence  results  in  hexagonal  crystal 
symmetry,  D6h.3~*  An  alternative  ABC  ABC . . .  stack¬ 
ing  sequence  (rhombohedral  symmetry)  is  found  in  defec¬ 
tive  graphite,  always  as  a  mixture  with  the  hexagonal 
phase.6 

As  a  result  of  the  anisotropy  of  the  crystal  structure, 
the  compressibility  of  graphite  is  highly  anisotropic.  The 
planar  Young’s  modulus  is  1020  GPa  and  is  higher  than 
for  any  other  substance,  while  in  the  c-axis  direction  it  is 
only  37  GPa  at  atomspheric  pressure  (see  Ref.  2).  There 
have  been  several  studies  of  the  compressibilities,  and  the 
data  are  not  consistent.  The  results  of  piston 
cylinder,7-9  precision  elastic  constant, 10-12  and  x-ray 
diffraction14,15  measurements  are  reviewed  by  Kelly.2 
Representative  data  from  these  measurements  are  shown 
by  him2  to  2.5  GPa.  It  can  be  seen  that  the  discrepancies 
between  different  sets  of  data  are  considerable.  This  is 
probably  due  in  part  to  problems  with  pressure  scales 
used,  which  have  been  subject  to  revision  (see  Ref.  16,  for 
example). 

X-ray  diffraction  data  of  Lynch  and  Drickamer15  indi¬ 
cated  that  the  hexagonal  graphite  phase  persists  to  the 
highest  pressure  obtained  in  our  study.  However,  Bun¬ 
dy16  and  Aust  and  Drickamer17  reported  that  the  resis¬ 
tivity  of  certain  kinds  of  graphite  increased  in  such  a 
manner  at  about  14  GPa  that  a  phase  transition  was 
occurring.  Aust  and  Drickamer  reported  the  presence  of 
a  cubic  phase  on  release  of  pressure,  but  a  hexagonal 
phase  was  reported  by  Bundy  and  Kasper  after  quench¬ 
ing  from  about  12  GPa  and  2000°C,!”  with  diffraction 
lines  recorded  in  Fig.  1(e).  This  phase  was  called  hexago¬ 


nal  diamond  by  them.  It  should  be  noted  that  no  in  situ 
high-pressure  x-ray  diffraction  measurements  have  been 
reported  on  this  tranition  either  at  room  or  high  tempera¬ 
ture. 
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FIG.  1.  X-ray  diffraction  lines  for  various  pressures  and  com¬ 
parison  with  other  work:  (a)  graphite  at  0  GPa,  (b)  pattern  ob¬ 
tained  at  13.5  GPa,  (c)  pattern  at  16.4  GPa,  (d)  rhombohedral 
graphite  at  0  GPa,  and  (e)  pattern  obtained  by  Bundy  and 
Kasper  at  0  GPa  after  compression  to  high  pressure.  The  pat¬ 
tern  obtained  on  release  of  pressure  was  an  equimixture  of  (a) 
and  (d).  The  dashed  line  represents  the  window  of  the 
diamond-anvil  cell. 
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Most  theoretical  studies  of  the  compressibilities  have 
used  phenomenological  models  of  the  interatomic 
forces.'  These  models  appear  to  describe  the  compres- 
sional  elastic  constant  C33  and  its  variation  with  pressure 
reasonably  well  to  1  GPa,  but  are  inappropriate  for 
describing  the  shear  modulus  Cu. 19  More  recently,  an 
ab  initio  calculation  of  the  internal  energy  of  graphite  at 
high  pressure  has  been  made.20  Such  calculations  can 
yield  accurate  estimates  of  the  compressibilities  and 
high-pressure  phases  of  certain  elements.21  However,  the 
anisotropy  of  graphite  adds  further  complexity  to  the  cal¬ 
culations,  so  that  graphite  can  be  looked  at  as  a  test  case 
for  the  theoretical  models. 

The  present  work  was  carried  out  to  obtain  accurate 
data  on  the  crystal  parameters  of  graphite  at  high  pres¬ 
sure  using  modem  pressure  scales  and  improved  x-ray 
diffraction  techniques  compared  to  earlier  work  (see  Ref. 
22  for  a  review).  This  is  particularly  necessary,  since  it 
has  been  observed  in  the  case  of  several  other  elements 
that  earlier  data  could  be  significantly  improved.  In  the 
particular  case  of  the  data  of  Lynch  and  Drickamer, 15 
their  pressures  are  probably  overestimated  increasingly 
with  higher  pressure  (see  Ref.  '22),  so  that  curvature  in 
a(P)  data  is  probably  a  result  of  this.  These  data  will  be 
compared  with  empirical  and  ab  initio  calculations. 

EXPERIMENTAL  DETAILS 

X-ray  diffraction  experiments  were  carried  out  in  a 
diamond-anvil  apparatus  using  a  fixed-anode  source  and 
photographic  detection  using  a  double-film  camera.22  In 
order  to  reduce  the  error  of  the  d  spacings  as  much  as 
possible,  the  further  film  was  set  100  mm  from  the  sam¬ 
ple,  allowing  diffraction  lines  to  be  observed  with 
20  <  32°.  The  standard  deviations  in  c/c0  and  a/a0  were 
estimated  to  be  0.001  and  0.002  A,  respectively.  Howev¬ 
er,  the  diffraction  lines  were  broadened  considerably 
above  the  transition,  so  that  the  uncertainty  in  diffraction 
angles  increased  by  a  factor  of  about  2  or  3,  and  lattice 
spacings  were  uncertain  because  the  crystal  structure  was 
not  known.  Exposure  times  between  5  and  15  days  were 
required  to  give  reasonable  intensity,  with  the  longer  ex¬ 
posures  being  required  at  higher  pressure. 

Samples  were  compressed  in  4:1  methanol-ethanol 
solution,  which  remains  close  to  hydrostatic  to  10  GPa,24 
and  reasonably  hydrostatic  to  the  highest  pressure  used 
in  our  work.  Pressure  was  measured  using  the  ruby- 
fluorescence  scale,25  with  a  measurement  precision  of 
0.03  GPa  below  10  GPa,  falling  to  about  0.2  GPa  at  20 
GPa  due  to  line  broadening  in  the  nonhydrostatic  medi¬ 
um.  All  measurements  were  carried  out  at  room  temper¬ 
ature  (295±2  K). 

The  sample  was  a  fine-grain  polycrystalline  graphite 
(Poco  ZXF-5Q)  (Ref.  26)  which  was  loaded  into  the  sam¬ 
ple  cavity  of  diameter  200  /am  with  a  ratio  of  sample  fluid 
to  sample  of  about  3:1  to  ensure  that  the  diamond  anvils 
did  not  compact  the  sample  directly.  This  type  of  materi¬ 
al  was  chosen  after  experimentation  with  other  types  to 
give  a  diffraction  pattern  with  reasonably  fine  grain.  (It  is 
to  be  noted  that  the  process  of  grinding  single-crystal 
graphite  to  small  crystallite  dimensions  compared  to  the 


sample  cavity  diameter  of  200  /am  produces  rhom- 
bohedral  lines,  as  noted  above.6) 

Two  experiments  were  carried  out  on  different  samples, 
the  first  to  12  GPa,  at  which  the  diffraction  lines  became 
weak,  and  the  second  to  20  GPa.  This  second  experiment 
was  carried  out  on  a  sample  in  the  form  of  a  disk  of 
thickness  50  (*m .  When  used  with  diamond  anvils  of  cu- 
let  diameter  650  /am  and  a  hardened  Inconel  718  gasket, 
this  ensured  that  the  diamonds  did  not  touch  the  sample. 
In  the  case  of  an  anisotropic  material  with  weak  interpla- 
nar  bonds  such  as  graphite,  this  can  cause  preferential 
alignment.  Even  so,  the  intensity  was  reduced  consider¬ 
ably  above  10  GPa.  The  relatively  long  exposure  times 
needed  for  graphite  are  a  result  of  the  low  atomic- 
scattering  factor,  but  the  decrease  in  intensity  at  high 
pressure  must  result  from  other  causes,  such  as  the  phase 
transition  discussed  in  the  next  section. 

EXPERIMENTAL  RESULTS 

Up  to  about  12  GPa,  three  diffraction  lines  of  graphite, 
indexed  as  (002),  (100),  and  (101),  could  be  observed 
within  the  window  afforded  by  the  diamond  cell  and  cam¬ 
era.  Their  intensities  (Fig.  1)  were  in  reasonable  agree¬ 
ment  with  standard  compilations,27  except  for  the  (101) 
line,  where  our  calculations  indicate  that  the  ASTM 
card2'  is  in  error.  Experimental  data  for  a /a0  and  c/c0 
are  plotted  in  Fig.  2,  and  presented  in  Table  I. 

At  about  10  GPa,  the  c-axis  parameter  softened  some¬ 
what  (Fig.  2),  and  at  11.8  GPa  a  steep  decrease  in  c  was 
observed  (see  note  below).  After  this  softening,  one  extra 
diffraction  line  was  observed,  becoming  stronger  as  pres¬ 
sure  was  increased,  until  the  pattern  with  four  diffraction 
lines  was  observed  at  13.5  GPa  [Fig.  Kb)].  The  relative 
intensities  of  the  lines  continued  to  change,  with  the  pat¬ 
tern  observed  at  16.4  GPa  being  shown  in  Fig.  1(c).  It  is 
noted  that  the  strongest  reflection  for  graphite,  the  (002), 
was  weakened,  and  continued  to  diminish  m  intensity  to 
the  highest  pressure.  Assuming  that  this  diffraction  line 


0  4  e  12  16  20 


PRESSURE  (GPa) 

FIG.  2.  Present  experimental  data  for  the  a-  and  c-axis  lattice 
parameters  of  graphtte  to  20  GPa.  As  explained  in  the  text,  the 
c-axis  values  above  10  GPa  are  obtained  on  the  assumption  that 
the  line  near  3  A  gives  the  c-axis  spacing.  The  solid  line  for 
a  I P)  is  the  best  fit  to  the  data,  the  dashed  line  the  prediction  us¬ 
ing  elastic  constants  from  Table  I.  and  the  solid  triangles  the 
data  of  Lynch  and  Drickamer  (Ref.  15). 
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TABLE  I.  Experimental  data  for  lattice  parameters  of  graphite  as  a  function  of  pressure. 


0 

2.07 

P  (Gpa) 

3.5 

5.2 

6.4 

8.2 

a  (A) 

2.462 

2.457 

2.455 

2.451 

2.450 

2.448 

c  (A) 

6.707 

6.445 

6.324 

6.231 

6.167 

6.060 

8.8 

9.5 

9.9 

11.0 

11.6 

11.9 

a  (A) 

2.446 

2.445 

2.445 

2.443 

2.442 

2.441 

c  (A) 

6.039 

6.022 

5.S96 

5.936 

5.892 

5.825 

12.7 

13.4 

16.4 

20.0 

a  (A) 

2.440 

2.439 

2.435 

2.430 

c  (A) 

5.789 

5.768 

5.764 

5.594 

can  still  be  related  to  the  interlayer  separation,  as  for  the 
graphite  structure,  the  decrease  in  c(P)  is  plotted  in  Fig. 
2  to  20  GPa.  In  view  of  the  uncertainty  in  the  structure 
above  about  10  GPa,  the  a  parameter  is  only  plotted  to 
this  pressure.  If  it  is  assumed  that  the  high-pressure 
structure  is  consistent  with  a  mixture  of  phases,  including 
hexagonal  graphite,  the  values  of  a  (P)  deduced  from  the 
assumed  (100)  line  lay  on  a  straight  line  extrapolated 
from  the  data  shown,  but  the  experimental  uncertainty  in 
a  was  about  0.5%. 

DISCUSSION  OF  RESULTS 

The  formulas  for  the  volume  elastic  modulus  (bulk 
modulus)  Bv  and  linear  moduli  Ba  and  Bc  in  terms  of  the 


elastic  stiffness  C,;  are 

JJ„=Ar(CI1+C12+2C33-4CI3)-1  ,  (la) 

Ba=X[2(C}i-Cn)]~'  ,  (lb) 

uc=jr(c„+cI2— 2c1Jrl ,  (id 

where 

X  =C33(C]i +C|2  )  — 2Cj3  .  (Id) 


Unfortunately,  the  error  limits  in  the  experimental  data 
(Table  II)  at  P—  1  atm  result  in  considerably  higher  un¬ 


certainty  in  the  compressibilities  than  for  typical  ele¬ 
ments: 

Ba  =  1040±240  GPa  , 

Bc=37.0±1.6  GPa  , 

B„  =  35.8±1.6  GPa  . 

Table  II  also  includes  experimental  data  of  the  pressure 
dependence  of  the  elastic  constants,  evaluated  from  their 
slopes  at  P= 0.  These  data  allow  an  estimate  to  be  made 
of  the  pressure-lattice-parameter  relationships  using 
empirical  relationships  such  as  the  Mumaghan  equation 
(see  Ref.  13  and  later  in  this  paper  for  a  discussion).  It  is 
noted  that  experimental  values  of  the  pressure  depen¬ 
dence  of  C33,  which  is  crucial  for  the  variation  c(P), 
differ  considerably  (Table  II). 

a-axis  compression 

The  compression  of  the  lattice  parameter  a  is  less  than 
1%  at  10  GPa,  so  that  a  linear  fit  to  the  data,  with  slope 
equal  to  the  modulus  Ba,  is  appropriate.  For  instance, 
using  S0~1580  GPa  and  B’0—5  with  the  Mumaghan 
equation,  which  should  give  excellent  agreement  with 
data  in  this  limited  pressure  range  (P/B0< 0.013),  the 
difference  in  slopes  of  a[P)  calculated  using  data  points 


TABLE  II.  Elastic  constants  and  their  pressure  derivatives. 


Elastic  constant 

Experimental  value* 
(GPa) 

Pressure  derivative 

Second  pressure 
derivative 
(GPar1 

C|l 

1060  -  20 

39b 

C 

180±20 

llb 

C,3 

15  =  5 

3.1b 

Cj3 

36.5=0.1 

9.6b 

-1.3±0.6b 

14.7=0.4' 

-2.9=1' 

cu 

4.5=0.05 

0.0023 

5-10* 

•Reference  10. 
bReference  12. 
'Reference  11. 
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at  10  and  20  GPa  is  less  than  1.5%.  A  second-order  fit  to 
the  present  data,  for  which  Aa  /a  =0.001  at  10  GPa  and 
0.003  at  20  GPa  would  not  be  useful.  The  least-squares 
fit  to  the  data  gives  a  modulus  value  of  1580±200  GPa, 
which  is  higher  than  the  estimate  of  1040±240  GPa 
based  on  ultrasonic  measurements.  The  most  likely  ex¬ 
planation  is  that  the  experimental  value  of  C,3  in  Eq.(lb) 
is  incorrect.  If  the  experimental  value  for  Ba  — 1580±200 
from  the  present  measurements  is  used  together  with 
values  of  C, ,  and  C,2  from  Table  I,  then  the  value 
C13=22±2  GPa  is  obtained,  which  is  slightly  above  the 
upper  error  limit  of  the  value  obtained  by  Blakslee 
et  al. 10  This  contrasts  with  the  negative  theoretical  esti¬ 
mate  for  C13  obtained  by  Jansen  and  Freeman,20  which 
would  give  a  much  lower  value  of  Ba  (i.e.,  5  620  GPa).  It 
is  noted  that  an  analysis  of  the  bulk  modulus  Ba  can  give 
a  more  accurate  value  for  C13  than  ultrasonic  measure¬ 
ments. 

The  present  data  can  also  be  compared  to  covalent- 
bond  models  which  give  the  variation  of  lattice  parame¬ 
ters  with  pressure.28  However,  the  input  data  for  these 
models  are  the  elastic  constants,  and  the  predicted  varia¬ 
tion  for  a(P)  is  indistinguishable  from  that  of  the  linear 
fit  to  the  data  because  the  range  of  reduced  pressure  is  so 
small. 

c-axis  compression 

The  c-axis  compression  is  higher  than  10%  at  10  GPa, 
so  that  equations  of  state  based  on  the  value  of  C33  and 
its  pressure  derivative  at  P= 0  are  inadequate  to  describe 
the  data.  A  universal  form  for  the  isotherm  of  solids  has 
been  recently  proposed.29-31  It  has  also  been  shown31 
that  the  limiting  forms  as  V/V0  approaches  zero  of 
several  empirical  equations  are  identical  with  that  of  the 
new  equation: 

P{X)  =  B0[ 3(  1  -J)/T2)exp[£<  1  -*)]  ,  (2) 

where  B0  is  the  bulk  modulus  at  P  =0,  X  is  the  reduced 
volume,  V/Vn,  and  f  is  the  pressure  derivative  of  the 
bulk  modulus  at  P=  0.  Accordingly,  a  plot  of 
ln[P(X)A'2/3(  1  -AT)]  versus  1—  X  should  give  a  straight 
line  of  intercept  equal  to  lnB0  and  slope  £.  Although  this 
equat.on  was  derived  for  isotropic  metals,  it  is  instructive 
to  test  it  with  the  present  data. 

Figure  3  plots  the  experimental  data  in  this  form  (solid 
curve).  The  phase  transition  is  clearly  seen,  and  is  similar 
to  curves  obtained  for  other  transforming  materials.3 
The  intercept  gives  a  bulk  modulus  of  30.8±2  GPa, 
which  is  significantly  less  than  the  accepted  value  of 
Bv=  35.8±  1.6  GPa  derived  from  elastic  constants.  As 
seen  from  Eq.  (la),  this  could  be  due  to  errors  in  C,, ,  C12, 
C|3,  and  C33  or  to  the  inapplicability  of  Eq.  (2)  to  an  an¬ 
isotropic  material.  The  results  discussed  below  suggest 
that  the  accepted  value  of  C33  is  reasonable.  Since  Bv 
docs  not  depend  strongly  on  C13,  whose  value  has  been 
fixed  from  Ba,  and  the  parameters  CM  or  Ci2  are  known 
accurately  trom  ultrasonic  data  (Table  I),  the  present 
data  point  to  a  limitation  in  the  applicability  of  Eq.  (2). 

The  data  are  plotted  in  an  alternative  form  m  Fig.  3, 


FIG.  3.  Plot  of  ln[A’2J>(AT)/3(  1  —X)]  vs  l-X  (the  units  of  P 
are  GPa).  The  open  circles  are  for  Xi=V/V0,  fitted  with  the 
solid  line,  the  squares  are  for  X'i=C/C0,  fitted  with  a  dashed 
line,  and  the  dotted-dashed  line  is  for  the  Lennard-Jones  equa¬ 
tion  (3),  with  C3J  =  36.5  GPa. 

where  X  is  replaced  by  X'=c/c0  with  a  dashed  line.  In 
this  case  the  relatively  unimportant  contribution  from 
in-plane  contraction  is  neglected.  The  intercept  equals 
the  acoustic  value  of  B(  =37  GPa  within  experimental  er¬ 
ror,  but  the  initial  slope  (25±3)  is  much  higher  than  ei¬ 
ther  of  the  previous  determinations  from  velocity  mea¬ 
surements  (see  Table  I).  This  is  consistent  with  fitting 
P(c/c0)  data  in  Fig.  2  to  empirical  equations,  m  which  it 
is  found  that  the  ultrasonic  data  of  Ref.  12,  with  a  higher 
value  of  C33,  give  c/c0  values  which  fit  the  data  more 
nearly  than  using  values  from  Ref.  11.  The  discrepancy 
between  the  P(c/c0)  values  using  data  from  Ref.  12  and 
the  experimental  data  is  in  the  direction  that  a  higher 
value  of  C33  is  called  for. 

A  Lennard-Jones  interplanar  potential  model  is  often 
used  for  graphite,  giving  good  agreement  with  thermal 
and  elastic  data.32  The  resulting  isotherm  equation,  as¬ 
suming  negligible  a-axis  contraction,  is2 


lc° 

4 

£o 

10 

\- 

c 

This  equation  is  plotted  in  Fig.  3  as  the  dotted-dashed 
line,  using  Bc  =  Cii  =  36.5  GPa.  It  can  be  seen  that  the 
line  is  straight  at  low  compressions,  but  bows  upwards  at 
higher  values,  consistent  with  the  pressure  derivative  Cj3 
increasing  with  pressure.  The  initial  slope  is  19.7,  which 
is  considerably  larger  than  either  of  the  values  estimated 
from  elastic  data  (Table  I),  but  lower  than  that  required 
to  fit  the  present  data. 

Phase  transition  at  high  pressure 

Both  the  softening  of  the  interlayer  forces  near  12  GPa 
(Figs.  1  and  2 1  and  changes  in  the  diffraction  pattern 
[Figs.  Kb)  and  1(c)]  argue  for  a  phase  transition  near  this 
pressure.  It  was  not  possible  to  assign  a  structure  to  the 
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high-pressure  phase,  but  it  was  possible  to  rule  out  the 
possibility  of  its  being  hexagonal  diamond, 18  particularly 
since  this  phase  was  not  obtained  on  release  of  pressure, 
but  an  approximately  equivolume  mixture  of  hexagonal 
and  rhombohedral  graphite.  It  is  possible  that  the  phase 
transition  is  related  to  that  observed  in  resistivity  mea¬ 
surements16,17  if  allowance  is  made  for  differences  in  pres¬ 
sure  scales.22  Unfortunately,  shock  data  have  been  aimed 
at  a  higher  pressure  and  temperature  range.  Recent  mea¬ 
surements33  of  higher  precision  still  show  considerable 
scatter  at  pressures  between  10  and  20  GPa,  so  that  a 
transition  such  as  that  observed  here  cannot  be  confirmed 
from  these  data. 

The  question  of  the  origin  of  the  softening  can  only  be 
answered  by  obtaining  data  on  higher-index  peaks.  This 
can  be  obtained,  in  principle,  by  using  synchrotron  radia¬ 
tion.  An  experiment  on  a  single  crystal  of  graphite  in  a 
compressing  medium  such  as  argon  using  synchrotron  ra¬ 
diation  is  recommended.  Such  measurements  would  also 
be  invaluable  for  increasing  the  precision  of  measurement 
of  a  CP),  and  of  determining  a  precise  value  of  C,3. 

CONCLUSIONS 

X-ray  diffraction  data  have  been  obtained  on  polycrys¬ 
talline  graphite  to  20  GPa,  from  which  it  was  deduced 
that  a  phase  transition  occurred  at  —  1 1  GPa,  which  ac¬ 


counts  for  a  discontinuity  found  in  previous  resistivity 
measurements.  A  mixture  of  hexagonal  and  rhom¬ 
bohedral  graphite  was  found  on  release  of  pressure,  so 
that  the  high-pressure  phase  was  probably  planar,  and 
not  related  to  the  formation  of  three-dimensional  bonds, 
as  found  in  metastable  phases  at  higher  pressure  and  tem¬ 
perature.  It  was  not  possible  to  specify  the  high-pressure 
phase  from  the  limited  data  available. 

The  data  to  about  10  GPa  were  analyzed  to  give  a(P) 
and  c(P).  These  data  were  then  analyzed  in  terms  of  a 
function  proposed  as  a  universal  isotherm.  It  was  found 
that  the  in-plane  modulus  Ba  was  higher  than  the  value 
based  on  elastic  stiffnesses,  and  al'owed  a  new  value  of 
C j3  to  be  proposed. 
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